Development and analysis of educational technologies for a blended organic chemistry course by Evans, Michael
c© 2013 by Michael James Evans. All rights reserved.
DEVELOPMENT AND ANALYSIS OF EDUCATIONAL
TECHNOLOGIES FOR A BLENDED ORGANIC CHEMISTRY COURSE
BY
MICHAEL JAMES EVANS
DISSERTATION
Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Chemistry
in the Graduate College of the
University of Illinois at Urbana-Champaign, 2013
Urbana, Illinois
Doctoral Committee:
Professor Jeffrey Moore, Chair
Professor Martin Burke
Professor Michael Loui
Professor Scott Silverman
Abstract
Blended courses incorporate elements of both face-to-face and online instruc-
tion. The extent to which blended courses are conducted online, and the
proper role of the online components of blended courses, have been debated
and may vary. What can be said in general, however, is that online tools for
blended courses are typically culled together from a variety of sources, are of-
ten very large scale, and may present distractions for students that decrease
their utility as teaching tools. Furthermore, large-scale educational technolo-
gies may not be amenable to rigorous, detailed study, limiting evaluation of
their effectiveness.
Small-scale educational technologies run from the instructor’s own server
have the potential to mitigate many of these issues. Such tools give the in-
structor or researcher direct access to all available data, facilitating detailed
analysis of student use. Code modification is simple and rapid if errors arise,
since code is stored where the instructor can easily access it. Finally, the
design of a small-scale tool can target a very specific application. With these
ideas in mind, this work describes several projects aimed at exploring the use
of small-scale, web-based software in a blended organic chemistry course. A
number of activities were developed and evaluated using the Student Assess-
ment of Learning Gains survey, and data from the activities were analyzed
using quantitative methods of statistics and social network analysis methods.
Findings from this work suggest that small-scale educational technologies
provide significant learning benefits for students of organic chemistry—with
the important caveat that instructors must offer appropriate levels of tech-
nical and pedagogical support for students. Most notably, students reported
significant learning gains from activities that included collaborative learn-
ing supported by novel online tools. For the particular context of organic
chemistry, which has a unique semantic language (Lewis structures), the
incorporation of shared video was a novel but important element of these ac-
ii
tivities. In fields for which mere text would not provide enough information
in communications between students, video offers an appealing medium for
student-student interaction.
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Chapter 1
Introduction
1.1 A Working Definition of Blended
Instruction
Blended or “hybrid” learning environments took hold in higher education
as Internet use entered the mainstream at the beginning of the twenty-first
century. Blended courses involve elements of both face-to-face and computer-
based instruction, embracing the philosophy that the ideal learning environ-
ment incorporates the positive elements of both formats while minimizing
their separate, negative aspects.1 The ideal ratio of face-to-face to computer-
based instruction depends on the application for the learning environment,
and this ratio can vary widely. For example, blended designs for game-based
learning and augmented reality training often rely heavily on technology,2
while designs for discussion courses on a college campus may devote much
less time to computer-based instruction. The appropriate balance for a par-
ticular setting depends on the instructor’s teaching philosophy and learn-
ing objectives, on the expectations of students, and on institutional culture.
Thus, variance in the designs of blended courses is roughly as extensive as
variance in instructors’ educational priorities and institutional characters—in
other words, very large!
The scope of research methods used to study blended courses is similarly
broad, and encompasses both quantitative and qualitative approaches.3 In
general, research designs concerning blended learning can be divided into
three classes: (1) case studies focusing on a particular dimension of the
learning environment; (2) survey-based studies exploring relations between
multiple dimensions; and (3) comparative studies examining a particular di-
mension of learning in two different contexts (e.g., face-to-face versus blended
learning). Although research on blended learning environments has provided
1
Media Interactive Tools
Text; static images Online forums
Recorded lectures Synchronous communication tools
Short videos (webcasts) Web applications
Table 1.1: Media and tools used for online instruction.
some valuable insights concerning the effects of technology use on learning,
most conclusions to date have been discipline specific or qualified by the con-
text of their associated study. A broad, cross-disciplinary perspective on best
practices for blended learning has not yet emerged. Oliver and Trigwell have
even criticized the typical use of the term “blended learning,” arguing that
all learning is blended insofar as multiple forms of media are employed, and
that most studies of blended “learning” focus on aspects of teaching, rather
than student learning.4 Fuzzy definitions of blended learning have almost
certainly limited the usefulness of research in this field.
For the purposes of this dissertation, it will be beneficial to begin with
a working definition of blended instruction. I define blended instruction
as a mixture of face-to-face instruction and online instruction, either syn-
chronous or asynchronous. Online instruction may incorporate both media
and interactive tools (Table 1.1). Commonly employed media types include
text and static images, interactive images,5 recorded full-length lectures,6
and short, segmented videos (webcasts or microlectures).7 Interactive tools
may include online forums, synchronous communication software, and rich
web applications—typically, a small number of these are employed in any
particular blended course.
For the distinction between blended and face-to-face instruction to be valid
(to address the arguments of Oliver and Trigwell), learning online must bear
characteristics distinct from those belonging to learning by other means, such
as by reading a textbook or using any other type of media. In my view, the
inherent connectivity of the Internet is its key characteristic, and the great-
est educational gains due to online learning will come from enhanced con-
nectivity between students, teachers, and content. In the remainder of this
dissertation, I hope to demonstrate that connectivity through the Internet
not only provides for the widespread dissemination of interactive resources
at low cost and impact, but also that connectivity can help facilitate learning
through enhanced student-student, student-instructor, and student-content
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interactions. The latter two types of interactions form two edges of the “di-
dactic triangle” of student, instructor, and content, which has been used
historically to model education.8 How educational technologists understand
blended learning can be modeled by considering the interaction between tech-
nology and these three types of interactions.
In the area of student-instructor interaction, ubiquitous technologies such
as the World Wide Web and electronic mail have already fundamentally
altered both the amount and kind of access students have to instructors.
In many ways, this increased access has improved student learning. Email
exchanges are a form of practice and feedback and hence may facilitate learn-
ing across large distances. The more conversational, informal tone of email
exchanges may help humanize instructors and may make them feel more
approachable to students.9 From the viewpoint of the instructor, email ex-
changes or “just-in-time” activities conducted via the Internet may expose
concepts or problems with which a large number of students are struggling.
Making efficient use of email also allows the instructor to simply communi-
cate with more students in a particular length of time. Increased access is
not without its problems, however. For example, many instructors are both-
ered by the informal tone of some electronic correspondence from students.10
Instructors themselves have an easier time adopting standoffish attitudes or
simply ignoring messages from students. Additionally, the underlying tone
of an electronic message is open to some interpretation due to a lack of
non-verbal cues. Educators have been very slow to adopt even more rapid
technologies for communication with students, such as instant messaging.
In the area of student-content interaction, both educators and disciplinary
researchers have long taken advantage of computer technology for the devel-
opment of complex, interactive models that students (or other researchers)
can explore. Model exploration represents a relatively new kind of exploratory
or discovery-based learning that allows the student to grapple with a complex
system without the need for an instructor to be present as a guide describ-
ing the system. For instance, students can explore computational models
of chemical structures in three dimensions to learn about symmetry.11 More
complex tools such as the Molecular Workbench12 allow students to tinker
with the properties of a system and observe changes in dependent variables.
Databases and information stores (such as journal websites) represent a sec-
ond type of computational resource that students can use to interface with
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chemistry content on their own. A great number of courses and guided tu-
torials addressing information literacy have emerged in recent years as the
Internet has become the first point of attack for chemists seeking informa-
tion or prior primary literature.13 In addition, several specialized databases
dealing with particular aspects of chemistry have been realized. One such
example is Njardarson’s Chemistry by Design website, a database containing
over eight hundred organic synthetic sequences.14
I mention student-student interaction last because this aspect of the edu-
cational experience has arguably been addressed least by educational tech-
nologists (and almost certainly by educational technologists who happen to
be chemical educators). Although active-learning activities often incorpo-
rate student-student interaction in the classroom, students are typically left
to their own devices when it comes to interacting with other students outside
of the classroom. Achieving meaningful student-student interaction outside
of the classroom in large courses is especially difficult, because students may
feel isolated from instructors and from their peers in large courses. Even stu-
dents with a peer group of decent size in a course can feel powerless against
a massive student body. Particularly in the physical sciences, large bodies
of students are usually thought of as a nuisance, and rarely leveraged to im-
prove learning for the entire class.15 However, much as crowdsourcing has
recently occupied a central place in such fields as fundraising and computer
programming, crowdsourcing student-student interaction has the potential
to improve learning in large blended courses. This dissertation presents two
examples of this phenomenon in a large, blended organic chemistry course.
1.2 Online/Blended Instruction in the
Physical Sciences: Practice & Research
At the turn of the twenty-first century, online education was viewed with
significant skepticism by many chemical educators.16,17 Understandably, con-
cerned teachers were troubled by the lack of a human touch in online edu-
cation. As a result, many early forays into online education by chemical
educators were undertaken in the context of a blended learning environment,
in which a particular online tool or project was “grafted” onto an otherwise
face-to-face experience.18 Taking this approach allowed chemical educators
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to identify specific benefits of online chemical education grounded in partic-
ular tools and activities (such as the communicative potential of electronic
mail). To some extent, a healthy skepticism toward online education persists
in chemistry education to the present day. The “grafting” approach is still
in common use today, although the sophistication of online tools developed
for chemical education has increased.19,20 For example, the use of rich web
applications as problem-solving aids to supplement face-to-face courses is a
relatively new development in organic chemical education.21,22
Studies of purely online chemistry courses, on the other hand, have been
much rarer than studies of blended chemistry courses.23 A number of stud-
ies have illustrated that blended courses have advantages over both fully
online and traditional courses,1 and the chemical education community has
embraced these results, generally shunning studies of purely online curricula
in recent years. As technology and principles for effective teaching evolve
simultaneously, the proper role of technology in the chemistry curriculum
requires constant re-evaluation. Ironically, the walls of the classroom itself
have presented the most significant barrier to the adoption of technologies
in chemical education—the vast majority of technologies are relegated to
homework or controlled research environments. Hence, the effects of educa-
tional technology in the chemistry classroom itself have not been explored
in detail. Research in this area also presents considerable challenges, ow-
ing to the large number of variables affecting educational technologies in the
classroom. Teacher effects, technical difficulties, lesson design, and students’
expectations for the course (among other variables) likely influence the ef-
fectiveness of technology employed in the classroom itself. Future studies of
blended chemistry education will likely address this fledgling research area.
Most studies of the effectiveness of online education in the physical sciences
have relied on relatively naive measures of learning, which severely limits their
utility. An obsession with overly simplistic approaches is not particular to
educational technology research, however. For example, as recent as 2012, a
study by Wieman and co-workers used a difference in examination scores to
support improved learning in one section of a large physics course that used
teaching methods based on research from cognitive psychology.24 This study
went so far as to use the words “exam scores” and “learning” interchange-
ably and ignored nuances associated with instructor differences, qualities of
learning, and a need for replication. Publication of this research generated a
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firestorm of criticism of the simplistic approach used by the investigators.25
Studies of online and blended instruction have the advantage of a richer
set of data from which to draw conclusions and finer control over experimen-
tal variables, relative to studies of purely face-to-face instruction. Instead of
relying on summative measures (such as total points) and sweeping changes
to instructional approach, studies of a particular technology often focus on
the impact of the tool on a specific concept or problem. For instance, one
study of the effect of computer simulations on problem solving targeted spe-
cific problems and simulations.26 Students were asked to solve one of two
problems of different complexity using the ideal gas law to determine the
value of an unknown variable (volume or pressure). At the outset, both the
experimental and control groups of students were shown only the text of
the problem. Halfway through the experiment, the experimental group were
shown the simulation associated with their problem, while the control group
were simply allowed to continue working. Students who watched the problem
simulation performed significantly better than students in the control group
in nearly all cases. Using special double-copy paper, investigators were able
to compare students’ notes before and after watching the simulation without
forcing students to separate their work.
This investigation is an excellent example of well conceived, quantitative
research in educational technology in the physical sciences. The implications
of this particular study are understandably limited by the scope of the two
problems investigated and the software used to create and run the simula-
tion. Put another way, the average instructor of chemistry may find that
this work’s focus on gases has little relevance to his/her practical concerns.
However, the study is a piece of a larger puzzle that is beginning to emerge
as researchers take a bird’s-eye view of the role of technology in education.
In order for educational technologists to work toward a meaningful collective
picture of the appropriate roles and capabilities of technology, focus and rigor
in particular research studies are essential. This is one reason why “grafting”
research has persisted in spite of a rise in more general investigations (such
as Wieman’s study cited above) in recent years. Instructional changes are
likely to take place in baby steps rather than giant leaps, and research on
computer-based instruction should mirror this reality.
The limitations of purely quantitative research have also been recognized
by many science education researchers, although this recognition is only just
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beginning to affect educational technology research. Qualitative research de-
signs focus on generating deep, meaningful descriptions of media, and use
words and language as the basic units of analysis rather than numbers. Like
the focused quantitative research described above, qualitative studies very
often sacrifice generality for a very detailed, nuanced description of a partic-
ular body of work.27 Samples used for qualitative research are usually not
large enough to be considered representative, because each item analyzed re-
quires careful reading and analysis. The theoretical frameworks that emerge
from qualitative research, however, often have general utility as frames for
subsequent work or even for quantitative studies looking for measurable con-
structs. Furthermore, qualitative research targets phenomena that are not
easily represented by a number or quantiative relation. For example, the
Grounded Theory method created by Strauss and Glaser and later refined
by Glaser alone has been used in a wide variety of contexts to generate
theoretical frameworks based on (“grounded” in) bodies of text. In chem-
istry education, this method has been used to investigate beliefs of student
teachers about teaching chemistry.28 Grounded Theory has also been used
by chemical educators to investigate student misconceptions and to develop
quantitative survey instruments that target a particular population of stu-
dents.29
1.3 Organic Chemistry Software for
Education
The catalogue of software and websites available for chemical education has
grown enormously in the past decade. This section focuses specifically on
technologies that have been applied for teaching and learning organic chem-
istry, which can be roughly divided into tools for the lecture and for the labo-
ratory. Laboratory technologies tend to focus on experimental procedures,19
techniques, and chemical information,30 while lecture tools address chemi-
cal theory, molecular visualization, and abstract problem solving. There is
bound to be some overlap between these categories—for example, a number
of problem-solving tools exist for laboratory courses.31 32 However, the dis-
tinction is useful for recognizing the generally different goals of lecture and
laboratory software.
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Mounting evidence suggests that software for the instructional laboratory
can significantly lower costs, improve efficiency, and mitigate logistical prob-
lems. Gaynor and Brown’s study of an online booking system for attendance
in the lab and at workshop sessions is a recent example.19 Because their de-
partment had allowed students to work in the laboratory at any time during
open hours, logistical difficulties often arose when a large number of students
would attempt to work in the lab at the same time. The introduction of
an online booking system with controlled times and slots eased these logisti-
cal problems for instructors, and students reported an improved laboratory
experience in general.
Other studies have identified demonstrable benefits to learning and/or ped-
agogy as a result of the introduction of new technologies in the laboratory.
For instance, a recent study highlighted the use of an automated system for
collecting NMR spectra remotely, which allowed students to explore NMR
concepts and procedures while separated from the instrument by physical dis-
tance.33 With the pressures of occupying instrument time and space lifted,
students were more open to experimenting with different NMR techniques
and working in teams. Studies of a simulated laboratory environment called
SimuLab suggested that carefully designed laboratory simulations can in-
fluence how students construct knowledge pertinent to the chemistry labo-
ratory.34 As technologies have advanced and a larger percentage of students
have embraced technology as a means of learning, a number of effective design
principles for simulated laboratory tools have emerged.35 Future development
in this field will likely involve further elucidation of best practices and design
principles for simulations and automation tools in the laboratory.
Educational software for chemistry lecture courses is generally broader in
scope than software for the laboratory, with a set of goals centered on im-
proving abstract problem solving and knowledge construction. For organic
chemistry in particular, most educational technologies address the graphical
language of organic chemistry in either two or three dimensions. Tools fo-
cused on improving stereochemical understanding, for example, often make
use of libraries for three-dimensional molecular visualization. More theoret-
ical concepts based primarily on mathematical models are much less com-
monly addressed, although other branches of chemistry and physics have
tackled these concepts with educational technologies.36
The importance of spatial ability for success in organic chemistry courses
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has been recognized for many years,37 and a number of educational technolo-
gies have targeted the goal of improving students’ spatial ability levels. A
landmark study by Pribyl and Bodner identified a correlation between spatial
ability (as measured by a discipline-agnostic test) and performance on organic
chemistry problems requiring the spatial manipulation of molecules.38 Sev-
eral tools have been developed with this research in mind, employing three-
dimensional visualization libraries of varying sophistication. Very early tools
created static images overlaid with stereo lines, such that the viewer could see
molecules in three dimensions with the aid of special glasses.39 More recently,
three-dimensional manipulation of molecules on a computer has entered the
mainstream, with the introduction of such programs as Spartan,40 Gaussian,
and Jmol.5 Current state-of-the-art, web-based technologies generally rely on
Jmol for three-dimensional molecular visualization. The tendency, however,
has been to heavily scaffold and contextualize these technologies, so that the
purpose and scope of the tool are clear to the student (vide infra).
In parallel with the development of tools for three-dimensional visualiza-
tion of molecules, sophisticated software for working with molecules in two
dimensions has also been developed. Although ChemDraw has been used
for many years by professional chemists for drawing molecules on computers,
ChemDraw CDX files are semantically shallow and are machine readable only
with the ChemDraw program itself, limiting their use in educational settings.
More exciting for chemical educators are libraries and programs for working
with molecules in open, semantically rich formats such as CML and MRV.
Student barriers to adoption of these formats are much lower, and files in
these formats are much more easily embedded in web pages.
A few problem-solving technologies have emerged in recent years that take
advantage of Chemaxon’s openly available Marvin suite, which works with
structures in the MRV format.41 These tools are generally websites with
the ability to send user-built structures to a server, where the structures
are evaluated against a correct response stored in a database. The server
returns immediate feedback to the user on the correctness of the submitted
response. The state of the art in this field is the website ACE Organic,
which includes a wide variety of problem types, a rich authoring tool, and
response-monitoring functionality.21 ACE is built for flexibility, and defining
the scope and structure of problem sets in ACE is left to the instructor. More
recent websites in this class eschew flexibility while embracing scaffolding and
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learning analytics, but take a step backwards with respect to their underlying
technology.22 No problem-solving website for organic chemistry to date has
effectively combined a semantically rich chemical drawing tool with learning
analytics and scaffolding.
Learning analytics are a relatively new frontier for educational technolo-
gies in chemistry, but promising research by organic chemical educators sug-
gests that digitized Lewis structures can help instructors gain insight into
students’ problem-solving approaches and misconceptions. A great deal of
work in this field has been done by Cooper and colleagues, who have devel-
oped a tool called “OrganicPad” for digitizing students’ drawings of Lewis
structures42 and a website that uses neural networks to analyze students’
approaches to solving inquiry-based problems.43 Studies employing Organic-
Pad have revealed that students tend not to use mechanistic reasoning when
it is appropriate, and often draw erroneous mechanisms even when arriving
at correct answers for predict-the-product problems. It is exciting to envi-
sion the adoption of these technologies in chemistry courses; however, at the
present time tools with rich analytics are constrained to research environ-
ments.
1.4 Overview of the Dissertation
This dissertation focuses on the design, development, implementation, and
evaluation of educational technologies for a blended organic chemistry course.
Each chapter addresses one or more technologies with a common pedagog-
ical focus and methodological approach. Tools used by students both in
and out of the classroom have been developed and studied. An important
discipline-independent conclusion of this research concerns the role of tech-
nology in collaborative activities. Tools that demand or facilitate student-
student interaction produce significant learning gains when adoption by stu-
dents is high. The scope of tools that promote learning through collaboration
is quite broad; they may range from conventional web-based tools such as
wikis44 to custom-built websites with relatively narrow focus.45 Learning is
also strongly promoted by transparent technologies, which return data to the
student in a form that exposes their weak areas and points them to strategies
for improvement.
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Evaluation of a wiki-based project addressing the mechanisms of organic
molecules with relevance to everyday life provided evidence that collabora-
tive activities incorporating student creation of molecular models promote
learning. This project also exposed many of the challenges associated with
implementing a computational project in an organic chemistry course. Chap-
ter 2 describes the design, implementation, and evaluation of the activity,
dubbed the “Molecular Mode of Action” or “Molmodac” project. The evo-
lution of the project over time highlights the importance of an open, useful
feedback loop between instructors and students with respect to educational
technologies. Particularly when students are the target end users for a tool,
student opinions are a critical part of the design (and re-design) process.
Expanding on the observation that collaboration between students during
the Molmodac project drove learning, we later designed a large-scale peer
tutoring activity for which a custom-built website was an essential piece.45
Dubbed “OPAL (Online Peer-assisted Learning),” the website served as an
anonymous marketplace where able students could indicate their willingness
to tutor other students on particular problems, and students in need of help
could claim a tutor. The OPAL website was connected via hyperlinks with
problem sets in ACE Organic, and enforced tutor competency by requiring
that tutors on each problem submit a correct response in that problem be-
fore gaining the ability to teach it. Social network analysis of the resulting
network of tutors and tutees revealed that peer tutoring activities resulted
in a significant uptick in student-student interactions that would not have
occurred otherwise. Reported learning gains due to peer tutoring activities
mediated by OPAL were also remarkably high, but once again, OPAL has
evolved over time in response to student feedback. Descriptions of the de-
sign and implementation of OPAL, as well as social network analysis of the
resulting network of tutors and tutees, are provided in Chapter 3.
The primary deliverables associated with tutoring interactions in OPAL
were video screencasts illustrating the approach of the tutor to help the tu-
tee address his or her deficiencies. From this work, it became apparent that
screencasts were useful not only as documentation that an instance of tu-
toring had occurred, but also as teaching tools in their own right. Hence,
a website was developed to which students could submit screencasts illus-
trating their problem-solving processes throughout the semester. Chapter 4
describes the design, implementation, and evaluation of this website and
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its associated activity. Problems for which students could record screen-
casts were given at the end of class on computers, and students could either
record their problem-solving process live or prepare a video outside of class.
Through this activity, students collaborated asynchronously and shared pos-
itive thought processes and problem-solving strategies with one another in a
way that would have been difficult without the help of technology. Although
information sharing over the Internet may raise concerns about security for
some educators, in our experience, well structured activities engaging tech-
nology teach students positive information-sharing practices and elevate the
skill level of the entire student body.
Chapter 5 describes my studies of students’ responses during examinations
using a “chemically aware” problem-solving web application. The insight
chemical educators can gain from machine-readable structures that students
submit to problem-solving tools has been vastly underestimated since these
technologies entered the mainstream. Although more traditional learning an-
alytics and ideas about the importance of scaffolding have been incorporated
into many problem-solving tools,22 chemistry-specific learning analytics have
been under explored. Our studies of response logs from examinations using
the problem-solving website ACE Organic represent significant progress in
this area. By studying both the temporal and chemoinformatic aspects of
students’ responses, students and instructors can reveal common miscon-
ceptions and unproductive approaches to problem solving and exam-taking.
Digital aggregation of students’ responses makes the feedback loop between
students and instructors more efficient and more valuable for both parties.
Finally, chapter 6 describes a web application (the “NetMol JSmol inter-
face”) I developed as a front-end for the molecular visualization program
Jmol. Originally conceived for use with the project described in chapter 2,
the interface has also been applied for two quiz assignments in CHEM 332.
By encoding common workflows and commands in buttons and other input
elements, the interface eliminates the need for students to learn the Jmol
scripting language while working with Jmol. It also extends existing Jmol
interfaces by offering an option to create customized groups of inputs for
use by individual users and by incorporating a saving/loading/embedding
mechanism for styled models. NetMol’s development cycle is unique insofar
as it relied heavily on student feedback in addition to the feature set already
available in Jmol—maintaining high usability for students has been a goal
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of the project from the outset. Preliminary work indicates that the NetMol
JSmol interface could be a useful tool for studying the visual/spatial abilities
of novices and experts either in a laboratory setting or in the classroom.
1.5 Future Outlook
Although the future of technology is difficult to predict, one can reflect on
the relationship between the state of affairs today and situation a decade
ago to forecast what may be the future of educational technology. Collegiate
blended education has grown enormously over the past decade, as educators
and administrators have realized how technology can effectively supplement
the live classroom. Educators and educational technologists have also been
encouraged to take risks as students have become more fluent with technology
(the assumption that most of today’s students are digital natives has been
challenged, however46). The importance of technology in the classroom will
almost certainly grow in the future—but how will it grow?
Within the past five years, data science has become a central field of study
in computer science, marketing, and sociology research. Network data in
particular has been studied extensively, because social and computational
networks have converged as people have embraced the use of computers for
communication.47 A focus on computational network data has led to the
development of a number of new methods for educational research.48,49 Aca-
demic work in this field, however, has not widely translated into practice
in the classroom—large-scale learning management systems, for example,
do not convey network data about student-student interactions or usage of
linked resources in course websites. Practical tools that embrace educational
network data and use it for educational purposes are a key target of future
research in this area.
At the intersection of chemical education and technology, educational tools
that take advantage of chemoinformatic data (such as machine-readable Lewis
structures) will likely grow in importance. The present work only scratches
the surface of the educational utility of aggregated response data in large
chemistry courses. Using aggregated response data, instructors can quickly
identify students’ misconceptions, explore misconceptions using chemoinfor-
matic approaches, and turn the results of their work around to students in
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the classroom, creating a blended learning environment in which technology
uncovers hidden patterns and helps students find and correct errors in their
chemical intuition or problem-solving processes.
Chapters 2 and 3 of this dissertation have been published previously in
the Journal of Chemical Education and the British Journal of Educational
Technology, respectively. Additional qualitative analysis of the screencasts
described in chapter 4 is necessary before publication is warranted. In the
language of item response theory, the research described in chapter 5 repre-
sents a calibration study; investigations of the effect of changing items will be
necessary before publication of this work. Chapter 6 is ready for publication
but has not yet been submitted.
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Chapter 2
A Collaborative Project
Centered on Bio-organic
Reaction Mechanisms
2.1 Introduction
Over the the last few decades, the pedagogical focus of organic chemical ed-
ucators has shifted from content-centered, rote-memorization approaches to-
wards conceptual approaches. Although concept-centered approaches present
obvious advantages for students, overly abstract course material may cause
students to disengage unless they gain an appreciation for the generality
and applicability of concepts. At my institution, the organic chemistry cur-
riculum for non-majors is rooted in a conceptual framework based on phys-
ical organic chemistry, relying, for instance, on a generalized classification
of elementary mechanistic steps in terms of the frontier orbital interactions
involved.50 Keeping in mind the danger of “over-abstraction,” we have initi-
ated course reforms to help students appreciate the generality of chemistry
concepts by incorporating applications to biochemical topics consistent with
students’ professional interests.
Both non-major organic chemistry courses involve a significant online com-
ponent, which presents both advantages and challenges.51 The traditional
lecture has been replaced by three interactive online discussion sessions per
week, at which time students solve problems individually using web-based
chemistry software. As a consequence of our online mode of delivery, student-
student interactions have historically been limited. It has been recognized for
nearly three decades that increased student-student interaction can improve
student motivation and encourage critical thinking.52 Thus, improving the
social environment of our courses by fostering student-student interaction
through collaborative learning became a second goal of reforms. Introduc-
ing collaboration in the context of web-based chemistry software seemed a
natural extension of our approach, and presented opportunities for technical
advancement and studies of student use of computational chemistry tools.
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Educators from diverse fields have recognized the benefits of collaborative
learning for many years.53 54 The interdependence encouraged by learning
situations in which students must collaborate with one another to solve prob-
lems mirrors the interdependence of professional specialists tackling complex
problems. Theories of collaborative learning have been adapted to online
projects,55 and a number of examples from the field of chemical education
have illustrated the advantages of collaborative chemistry projects.56,18,57
Many of these projects took advantage of electronic resources and software
available at their times of publication. I identified recent Web 2.0 technolo-
gies (such as wikis) and open source chemistry software (vide infra) as rel-
atively untapped resources for collaborative chemistry projects, particularly
for organic chemical education.
Wikis, collaborative web pages that can be edited by a large number of
users, are becoming common in educational settings as a framework for pub-
lishing the work of student teams.58 In the physical sciences, wikis have been
used for problem-based learning assignments,59 collaborative technology sim-
ulations,60 and other activities.61,62,63 Using a common wiki page, students
are able to collaborate with one another over large distances and at any time.
By examining wiki page histories, instructors can trace the development of
a page from start to finish and gauge the contributions of individual team
members. Commenting tools facilitate collaboration between teams and offer
a means for formative assessment of projects throughout the semester. Thus,
wikis solve many of the problems that plague traditional group projects.64
Additionally, the potential for wiki pages to reach a broad audience can en-
hance the quality of student work and provide motivation beyond simply
getting the grade.65 Wiki projects can be highly structured and expansive
in scope, as long as instructors provide an adequate template from which
students can build. Because of these advantages, I saw the wiki format as
an excellent way to address our course’s past challenges, and developed the
semester-long Molecular Mode of Action (“Molmodac”) project using a wiki
format as a foundation for student work.
Until recently, educational wikis have been limited primarily to media ex-
hibiting a limited degree of interactivity, such as text, images, and videos.
However, several existing wiki projects support the notion that student cre-
ation of highly interactive content on the web is no longer unrealistic.66 67
Chemical education in particular has benefitted from the development of a
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Type Program Description
Stucture-drawing pro-
grams
MarvinSketch Web- or desktop-based,
Java structure- or reaction-
drawing software
JME Web-based drawing software
for chemical structures only
ChemDraw Desktop-based structure
drawing software
Chemwriter Javascript-based structure-
or reaction-drawing library
Three-dimensional
molecular viewers
Jmol, JSmol Java(script)-based molecu-
lar viewer with some editor
capabilities
PyMol High-quality molecular
viewer, advanced animation
options
Computational chemistry
tools
WebMO Freely available interface for
computational chemistry
calculations on the web
Table 2.1: Survey of Programs for Construction, Viewing, and
Manipulation of Chemical Structures.
variety of open-source software tools for chemistry. Some of these are sur-
veyed in Table 2.1; programs our students used for the Molmodac Project
are displayed in bold. The Molmodac Project relies heavily on open-source
chemistry software for student creation of content, an exercise with well-
known benefits to learning.68 While actively contributing to a wiki, the role
of the student shifts from passive observer to active creatorand all of the
benefits of active learning accompany this transition. The next generation
of educational wikis will almost certainly take this into account and embrace
software with high educational value.
Ultimately, lessons learned from a year of implementation of the Molmodac
Project prompted later changes to the structure of the project. Although
students indicated significant learning gains due to early incarnations of
Molmodac, they also pointed out a number of challenges for sustained im-
plementation and long-term usability of the project. Technical hurdles that
students felt were unrelated to organic chemistry presented a significant bar-
rier to learning, even following the development of more intuitive tools for
constructing Jmol and MarvinSketch images. A sizable body of work has
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identified the problematic influence of students’ comfort with technology
on their performance on projects with substantial computational compo-
nents,69,70,71 and the current work adds to this corpus. To overcome issues
associated with technical competence, it was necessary to re-examine both
the products of students’ computational work and the pedagogical goals of
the project as the whole. In the end, Molmodac was re-imagined as a wiki-
based project focusing on enzymatic mechanisms. Collaborative aspects of
the project and its foundation on a wiki were maintained, technical require-
ments were simplified and rendered more flexible, and pedagogical goals were
rewritten to emphasize proposal of a reasonable reaction mechanism well sup-
ported by published experiments. Early results indicate that the re-imagined
Molmodac Project—dubbed the “Metabolic Pathways Project” for its em-
phasis on enzymes involved in metabolism—promotes the development of
scientific professional skills and reasoning skills in students.
2.2 Design & Implementation of the First
Iteration
The Molmodac Project was initially designed to help students connect course
material to real-world applications of organic chemistry. The first incarnation
of the project, implemented in the spring of 2010, proceeded in three major
stages. First, teams of three or four students chose a small molecule with
an effect well-known to the general public and carried out a literature search
to identify how organic chemical change in the key small molecule leads to
its well-known effect. The key molecule defined each team’s topic. At the
topic selection stage, students accessed a variety of database resources to aid
their search, including PubChem,72 the Protein Data Bank,73 KEGG,74 and
specialty compound databases such as SuperScent.75 The aim of the liter-
ature and databases searches was to establish a central literature reference
on which the wiki page would be based (however, supporting references were
strongly encouraged). Second, with a topic and a key literature citation in
hand, teams created wiki pages describing the topical molecule’s mechanism
of action, visualized using the software in Table 1. Each team created a
five-minute video segment to describe the contents of their page. Finally,
with their pages in nearly finished form, students provided comments on
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Due Date Checkpoint
Tuesday, Week 3 Creation of Student Teams
Friday, Week 3 Wiki Pages Created
Monday, Week 7 Preliminary Topic Selection
Friday, Week 9 Final Topic Selection
Wednesday, Week 12 Visualization Checkpoint
Friday, Week 14 Initial Submission of Project
Wednesday, Week 15 Page Peer Commenting
Friday, Week 15 Deadline for Final Submission of Project
Table 2.2: Checkpoints and due dates for the Molmodac Project.
other teams’ pages, offering advice on content or presentation. Throughout
the semester, course instructors and teaching assistants used the comment-
ing function of the wiki to provide technical advice and suggest creative
uses of computational chemistry programs. A number of checkpoints were
established to ensure that wiki pages were under continuous development
throughout the semester and to aid the grading process. A copy of the grad-
ing rubric for the first incarnation of the project is provided in the Appendix
of this dissertation. Checkpoints for the first incarnation of the project and
their corresponding due dates are listed in Table 2.2.
During the topic selection stage, teams identified a process they were in-
terested in that could be traced to the mechanism of action of a small organic
molecule: examples included the skunking of beer, a bee sting toxin, cancer
chemotherapeutics, and medications for the treatment of erectile dysfunc-
tion. In consultation with course instructors, teams then developed a key
question or problem related to the mechanism they had identified. Some ex-
amples of student-chosen molecules and their corresponding effects are listed
in Table 2.3. Once teams had identified key literature references related to
the mechanism of action of their topic, they turned their attention to the sec-
ond stage of the project, bringing their references to life on their web pages
through creative use of free, web-based chemistry software.
Students developed their wiki pages based on a template and example
page that I provided. Additionally, I provided student teams with a number
of activities related to their topics that directly involved the use of free or
open-source chemistry software. These included:
• Depicting chemical change with curved arrows in MarvinSketch
19
Molecule Effect/Context
Cocaine Drug Addiction
Hyaluronic Acid Bee Stings
2-Phenylethylamine Aphrodesiac Effects of Chocolate
Humulone Skunking of Beer
Lidocaine Numbing of Tissues
VX Nerve Agent Toxicity
Vardenafil Treatment of Erectile Dysfunction
α-Thujone Absinthe Intoxication
Warfarin Anticoagulation
Chitin Insect Exoskeletons
Table 2.3: Examples of Molmodac Project topics and corresponding effects
or contexts.
• Calculating the molecular orbitals of the topical molecule or related
molecules using WebMO
• Calculating reaction progress or transition state geometry using WebMO
• Comparing the geometry-optimized conformation of a free ligand to its
conformation while bound to a protein
• Constructing the electrostatic potential energy surface of a ligand or
protein active site
• Depicting frontier molecular orbital interactions with Jmol
• Highlighting noncovalent interactions in proteins using Protein Data
Bank entries and Jmol
To describe their molecular mechanisms on the wiki, student teams sum-
marized the results of these activities and created interactive visualizations
(Jmol and MarvinSketch applets) to illustrate the important features of their
mechanistic model. Because these applets are information rich, they repre-
sent objects of significant value to end-users. Figure 2.1 shows a simple
student-built MarvinSketch applet and lists some of the advantages of using
applets for displaying molecular structures in place of images.
Figure 2.2 depicts an interactive Jmol applet created by a team exploring
the mechanism of action of vanillin. When the user clicks on the buttons asso-
ciated with the Jmol applet, different amino acids appear and the view shifts
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Figure 2.1: A MarvinSketch applet built by students for the Molmodac
Project.
to emphasize interactions of the ligand with the newly displayed residues.
Although the positions and connectivity of atoms were provided by struc-
tural data from the Protein Data Bank, students designed the buttons and
their associated views themselves, and built the applets using a graphical
user interface for Jmol that we developed after hearing feedback from stu-
dents that scripting with Jmol was too difficult. This Jmol interface can be
used to create Jmol applets for a variety of purposes, and has the potential
to serve as a kind of digital library for exploring students’ self-directed use
of computational chemical models.
Clougherty and Wells have noted that wikis are particularly well suited to
the process of peer review.59 With this in mind, we encouraged teams to offer
constructive criticism on each other’s pages through the wiki’s commenting
tool (the third stage of the project). Throughout the project, I also en-
couraged collaboration between teams to develop the presentation aspects of
their wiki pages; however, it was not until the final two weeks of the semester,
when most of the pages were filled with content, that our students embraced
the commenting function of the wiki. This may have been because we did
not draw attention to the requirement associated with the peer commenting
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Figure 2.2: An interactive Jmol applet built by students for the Molmodac
Project.
checkpoint until nearly the end of the semester. In any case, the high volume
of comments on the wiki at the end of the project was an indication that stu-
dents valued the ability to discuss their pages with others and comment on
the pages of other teams.
Results from the first semester of implementing Molmodac (vide infra)
prompted reforms to the design of the project for its second incarnation.
Several students commented that the process of topic selection was diffi-
cult: they had trouble browsing the chemical literature and identifying a
compound whose molecular mechanism was well understood. To establish a
useful baseline for the selection of a topical compound, a collection of liter-
ature articles representing mechanistic studies was developed, and students
had the option of choosing an article from this collection. Later reforms to
the structure of the project are desribed in Section 2.5 below.
2.3 Evaluating the First Iteration
To evaluate student response to the Molmodac project, I conducted an infor-
mal survey at the end of the first iteration (more formal, longitudinal survey
results are described below). A focus group involving ten student volun-
teers was also held to ascertain student opinions on issues not covered by the
survey and to discuss future directions for the project. Student feedback in-
dicated that the project was a useful exercise for connecting course content to
real-world applications, but technical difficulties were its primary limitation.
Despite the difficulties many students had with using web-based chemistry
software (particularly Jmol), the majority concluded that Molmodac was a
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step toward making our course more relevant, engaging, and social. One stu-
dent remarked, “This project really helped me to get to know my classmates
and instructors better than I would have expected for an online class.” The
formation of student study groups due to the project was also apparent.
Open-ended responses on our survey revealed student difficulties with the
technical aspects of the project. “The complexities of learning [Jmol script-
ing] and producing visualizations take away from learning organic chemistry,”
said one student. The time demands associated with purely technical tasks
were substantial: “we would end up spending an hour and a half just trying to
figure out how to put up a Jmol, which took away from the learning behind
it,” said one student. Another student suggested, “Some extra computer
training would be helpful.”
I held an hour-long focus group with ten students to further explore stu-
dent response to the Molmodac project. Students were chosen from an excess
of volunteers to represent a variety of grade levels on the project. Most stu-
dent concerns were related to the processes of topic selection and creating
visualizations. Some students felt that the literature-searching component
of the topic selection process was too vague, which led to the discovery of
topics with little or no useful literature very late in the topic selection pro-
cess. Additionally, because many students were new to primary literature
searching, a great deal of consultation with the course instructors was of-
ten necessary. This suggested that future incarnations of the project should
both clarify our expectations of the literature search and provide guidelines
for students to effectively carry out searches. One student suggested that
we center each wiki page on a particular literature reference addressing the
mechanism of action of the chosen topic; this idea was later implemented as
the “key literature reference.”
Survey and focus group results indicated a number of directions for im-
provement. First and foremost, the technical requirements of the first itera-
tion were too steep. A redesign of our technologies was needed, such that the
technical knowledge required to build interactive models does not overpower
what they can teach students about chemistry. This prompted a significant
investment in the development of a new, user-friendly Jmol interface beyond
the prototype that was in place during the first iteration. It was also nec-
essary to clarify the process of topic selection and inform students about
what constitutes an effective search of the literature, building on recent work
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describing similar activities.76
Reflecting on the first iteration, a number of interesting phenomena be-
come evident. Many of the mental operations that practicing chemists do
regularly—adding implied hydrogens, considering ionization state, and vi-
sualizing orbitals, to name a few—were overlooked by our students as they
carried out the Molmodac project. It may be that the automation inherent
in chemistry software gives students the mistaken impression that electronic
tools provide the final word on organic chemistry—not true in the slightest!
I had to remind students regularly to interpret computational results and
evaluate their reliability. Students too often treated a computer-generated
model or the results of a calculation as ends in themselves, rather than as
means to an end.
2.4 Subsequent Iterations
Subsequent iterations of the Molmodac project provided additional structure
for students, in direct response to feedback from the first focus group and
informal survey. A collection of relevant articles from the primary literature
of organic chemistry and biochemistry was created to facilitate the topic se-
lection process, for example. Most teams chose an article from this collection
to serve as key literature references for their projects; however, a few teams
still brought their own articles to the table (they were allowed to do so).
A reasonable, well-supported reaction mechanism was a critical deliverable
of the project, but in many ways, students’ proposed mechanisms from the
first iteration fell short of epxectations. The following description was typical
of the first iteration:
The double bond migrates, to form the more stable resonance
structure, and the pyrophosphate associates to form Linalyl diphos-
phate. The pyrophosphate dissociates again, and there is an elec-
trophilic association step to form a six-membered ring. There is
then another electrophile association to form a carbon-bridge, and
finally re-association of the pyrophosphate group at the site of the
newly formed carbocation. Mechanistic studies have shown that
while the enzyme bornyl diphosphate synthase allows for manip-
ulation of the carbon structure, the pyrophosphate group remains
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in a single position and conformation.
Although nothing in this passage is incorrect per se, it is merely a shal-
low description, without the support of scientific evidence and lacking in-
sight. Even the team’s weak appeal to evidence, “[m]echanistic studies have
shown...,” contains weasel words that do not clearly indicate the link between
the proposed mechanism and empirical evidence.77 Students’ accounts of vi-
sualizations, such as protein crystal structures, were similarly dominated by
shallow description and a lack of rigor. While the first iteration achieved its
goal of introducing students to real-world applications of organic chemistry,
the lack of scientific rigor demonstrated on wiki pages was a pedagogical con-
cern. What structural modifications could be made to the project to promote
reasonable mechanistic proposals and scientific rigor?
To address this problem, the concepts of “mechanistic challenges” and
“visualization-based challenges” were introduced. As they wrote down and
refined their mechanistic proposals, teams were asked to consider possible al-
ternative mechanisms and develop a set of questions that could be answered
by appealing to known empirical evidence (most of which came from the key
literature reference or citations thereof). Mechanistic questions that could
be addressed using three-dimensional, computational models were dubbed
“visualization-based challenges,” while all other questions were simply called
“mechanistic challenges.” The distinction between these two types of ques-
tions was motivated by the difference in technical requirements for the two
types of questions (visualization challenges required the creation and display
of three-dimensional models in Jmol). Mechanistic questions, responses, and
evidence thus became the bulk of the mechanistic proposal portion of the
project.
The wiki page for artemisinin includes exemplary mechanistic and visualization-
based challenges. The biosynthesis of artemisinin includes a rare Wagner-
Meerwein shift involving 1,3-migration of a C–H bond to a carbocation.78
Team artemisinin recognized that a mechanism involving two successive 1,2-
rearrangements could also account for the observed product:
After the formation of the bisabolyl cation intermediate through
1,6-ring closure, the mechanism of amorpharpha-4,11-diene syn-
thase can undergo a couple different pathways depending on the
nature of the hydride shift. The problem to be solved in this
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Figure 2.3: Jmol image for a visualization challenge during the third
iteration of Molmodac.
challenge is to determine whether the mechanism involves a 1,3-
hydride shift, or two successive 1,2-hydride shifts.
To address the issue, the team appealed to deuterium labeling studies:
“The two alternative pathways involving successive 1,2-shifts and the forma-
tion of the germacryl carbocation intermediate were able to be eliminated by
using deuterium-labeled FPP to observe the labeling patterns of the enzy-
matic product.”79 A Jmol image later in their page, which incorporated an
optimized structure for the intermediate preceding the 1,3-migration, illus-
trated how orbital overlap supports the migration of one of two diastereotopic
hydrogen atoms (Figure 2.3). Owing to better orbital overlap, the blue hy-
drogen migrates selectively.
The introduction of challenges improved the rigor of pages significantly.
Furthermore, with challenges clearly indicated on wiki pages, course in-
structors were able to easily identify important mechanistic details and find
support for those details (or not!). After the third iteration of Molmodac,
however, problems still lingered. The project remained a significant drain
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on instructors’ time and energy, as chosen topics were quite unpredictable.
Maintaining independent conversations with a large number of teams about
their separate projects proved difficult. Some teams had difficulty connecting
their topics to content covered in class. On the whole, it seemed necessary
to re-focus the project on reaction mechanisms that were directly relevant
to course content. Hence, for the most recent iteraction of Molmodac, the
project was re-designed to focus specifically on enzyme-catalyzed reaction
mechanisms (enzyme chemistry represents a substantial portion of the course
content in CHEM 332).
In addition, students had concerns about the technical overhead required
for completing Molmodac. Many students struggled to develop Jmol images
in the first iteration of the project, when they were expected to use Jmol’s
scripting language along with existing models from the Protein Data Bank or
PubChem to create interesting, interactive images. It became apparent that
many students were missing the point of these images and focusing on sur-
face aspects rather than their interesting information. For example, many
teams provided images of entire enzymes when only the active site of the
enzyme was relevant to its mechanism. In an attempt to help students fo-
cus on the interesting mechanistic information available in three-dimensional
computational models (e.g., protein crystal structures), I developed a web-
based interface for Jmol that simplifies the manipulation of models. In this
interface, Jmol scripting commands are encoded into buttons, text fields,
and other inputs that the user manipulates. Direct scripting is essentially
unnecessary for the user, unless advanced functionality is desired. The inter-
face provides embed code in HTML and Confluence wiki markup, the latter
of which can be pasted directly into the wiki editor used by students. Fig-
ure 2.4 depicts the Jmol interface as of spring 2013, with a panel for adding
text labels to atoms and the Jmol window.
The general structure of the latest iteration, now called the “Metabolic
Pathways project,” is consistent with previous versions of Molmodac. Stu-
dent teams select a topic (now an enzyme) in the first two months of the
semester, before enzymatic chemistry is covered in class but after students
have been introduced to the fundamentals of organic reactions. Associated
with each enzyme is a key literature reference addressing its mechanism and
a collection of Protein Data Bank accession codes for crystal structures of
the enzyme. As we address enzyme chemistry in class, teams have the op-
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Figure 2.4: The Jmol interface used in conjunction with Molmodac and the
Metabolic Pathways project.
portunity to identify how the chemistry of their topics pertains directly to
concepts in enzymology, such as bifunctional catalysis, irreversible inhibition,
and enantiotopic group/face selection. Rather than presenting mechanisms
as a series of challenges, students lay out a description of their proposed
mechanism in one section of the wiki page, and devote an entire section to
justification of the proposed mechanism using evidence from crystal struc-
tures and other experiments.
2.5 Theoretical Background on the Student
Assessment of Learning Gains (SALG)
Survey
The efficacy of the Molmodac project was studied over several semesters as
part of a larger effort to assess students’ learning gains due to various activ-
ities associated with my course. For these studies, I employed the Student
Assessment of Learning Gains (SALG) survey.80 The SALG is an online in-
strument consisting of two surveys: a baseline survey to determine students’
28
prior knowledge and skills at the start of the semester, and a post-semester
survey asking students about their learning gains with respect to particular
content areas, skills, and activities associated with the course. The baseline
survey may be used to normalize results across multiple semesters: insignifi-
cant differences between the baselines of two or more semesters (“significant”
being understood in the statistical sense) suggest that the reported learning
gains in both semesters are directly comparable—or at least that one need
not worry about the influence of different levels of aggregate baseline knowl-
edge on mean reported learning gains. Instructors are free to add, edit, and
delete questions from both the baseline and post-semester surveys; however,
the originators of the instrument advise conforming to their scheme of sec-
tions and subsections, which is based on factor analysis. For the present
work, I maintained the sections and subsections of the template surveys,
but edited items to reflect the content and activities of my course. Items
changed slightly with time as new activities and content were introduced
into the course, but the vast majority of items were carried through all eight
semesters over which this study was conducted. See Appendix A for copies of
the pre- and post-semester surveys used during each semester of this study.
Kuh has offered some guidelines for collecting self-assessment data from
students via surveys, and the SALG exemplifies these principles well.81 Firstly,
Kuh advises that students should be familiar with the information, ideas,
and language presented in the instrument. Because the SALG was initially
developed for chemistry, its default language reflects skills important to pro-
fessional chemists, stated in plain language that students and instructors can
understand. Secondly, Kuh recommends that questions be phrased clearly
and without ambiguity. Each subsection of the SALG corresponds to a ques-
tion on the original instrument validated through student interviews. Thus,
provided the specific concepts and activities added by instructors use clear
language, items are likely to be clear. Finally, Kuh suggests that questions
should ask about meaningful activities and probe for thoughtful responses.
My surveys inquire directly about graded assignments such as quizzes and
projects, which have meaning to students at the very least because they are
graded. Although concepts mentioned in the baseline survey are likely for-
eign to students (since they correspond to concepts addressed later in the
course), language was chosen to be consistent with concepts from students’
previous chemistry courses.
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The issues of whether self-reported learning gains are a reliable measure
of true learning gains, and to what extent self-reported learning gains are
useful evaluative measures at all, have been taken up by Seymour and oth-
ers. Qualitative data in the form of student interviews mostly supports the
validity of the SALG instrument with respect to students perceived learning
gains—that is, students who indicated learning gains of varying extent on the
SALG reported similar gains in evaluative interviews, and did not misrepre-
sent the effectiveness of course activities for learning. Put another way, the
instrument itself did not introduce any sort of bias in reporting (true for both
the paper-based and online surveys). However, Seymour and colleagues also
pointed out considerable variance in the reasons students cited for applying
low scores to a particular aspect of instruction, and they cautioned against
relying too much on quantitative results. They concluded that write-in sec-
tions should be placed below historically low-scoring items to help clarify
students’ attitudes toward these items. Scores themselves offer little advice
for the teacher-researcher looking to improve weak aspects of a course.
Gutwill has observed that students may actually underestimate their learn-
ing gains based on their scores on relevant assessments.82 In particular, high-
performing students involved in effective pedagogies exemplified this phe-
nomenon. These results suggest two important conclusions related to stu-
dent learning and pedagogy. Firstly, high-performing students may perceive
their learning gains as small relative to the “true” size of the discipline of
chemistry (or their perception thereof), and low-performing students may
possessed skewed views of their own competence. Secondly, while effective
pedagogies may bring the relevance and ubiquity of chemistry into the lime-
light, they may also have the unintended side effect of diminishing students’
perceived learning gains. On the whole, the Dunning-Kruger effect seems
to be important to SALG results.83 Although quantitative comparisons be-
tween SALG scores and test scores can be useful for revealing these effects,
instructors should also consider from a qualitative perspective whether a
particular instructional activity may encourage students to overestimate or
underestimate learning gains.
A valid instrument that measures students’ learning gains, as the SALG
purports to do, should exhibit some correlation with performance as mea-
sured by test scores. Quantitative studies support only moderate correlations
between students’ self-reported ratings of performance and faculty ratings of
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the same. A meta-analysis of fifty-seven studies involving comparisons be-
tween student and faculty ratings of student performance concluded that
students tend to rate their own learning gains higher than faculty. Moderate
but significant correlations of r ≈ +0.4 are typical, and correlations between
self-reported performance ratings and test scores take similar values.84 While
these middling correlations may seem concerning at first blush, the existence
of a significant correlation at all is enough to deem the SALG instrument use-
ful. One can attribute the observed lack of strong correlations to either side
of the fence, so to speak—problems with self-reporting and poorly written
tests are probably both partly to blame for the observed correlations. In any
case, tests and self-assessments are both imperfect measures of true learning
gains, and one should be wary to give test scores the benefit of the doubt in
many disciplines. All things considered, assuming both tests scores and self-
assessment scores are both positively correlated with true learning gains, one
can be reasonably confident that a higher mean value for perceived learning
gains due to a particular activity does, in fact, indicate greater aggregate
learning gains from that activity.
Where does this conclusion leave us with respect to the evaluative util-
ity of the SALG? Its usefulness for measuring learning gains in an absolute
sense is, and probably always will be, uncertain. The same can be said of
examinations, however, even though the use of exams as a “least of all evils”
option for measuring learning gains has been widely accepted. Just as relative
test scores probably indicate relative extents of learning gains, relative mean
values for reported learning gains likely reflect true relative learning gains
due to two or more course activities. Stated differently, for both tests and
self-reported surveys a linear relationship exists between true and measured
learning gains. Thus, SALG results can shed light on activities that students
find helpful for learning and point to content areas in which students made
remarkably strong or weak learning gains, even if absolute determination of
learning gains is impossible. Furthermore, the SALG provides useful infor-
mation above and beyond tests, as it asks students to partition their learning
gains among various course activities, a feature impractical for high-stakes
assessments.
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2.6 Reliability and Factor Analysis of the
SALG
The SALG survey is divided into categories meant to encompass different
aspects of learning and different activities within a course. On the base-
line survey, cognitive variables are divided into categories of Understanding
(of course concepts), Analytical/Professional Skills, Attitudes, and Mental
Integration Skills. An important question is whether survey data support
this “default” factorization of the baseline survey. Are items within a par-
ticular category correlated with one another, and weakly correlated with
items in other categories? To address this question, factor analysis has been
employed. Factor analysis belongs to a broader class of methods for the
dimensional reduction of complex data sets, and employs inter-item corre-
lations to identify latent variables or “factors” that cause observable items
to move together. If statistically supported factors calculated from the data
align with the categories listed in the survey, this supports the construct va-
lidity of these categories—and if not, interesting latent variables controlling
students’ responses may be revealed (and a re-design of the baseline survey
is probably warranted).
To determine the reliability of the default categories of the SALG baseline
survey, Cronbach’s α85 was calculated for each category as given on the
survey. Cronbach’s α for a collection of K items is defined as in Equation 2.1
below, where σ2X repesents the total variance of all items for the current
sample and σ2Yi is the variance of the particular item Yi. The value of α
represents a lower bound on the reliability of an instrument, its tendency
to yield a statistically equivalent set of data upon a re-test using a different
sample of the same population.
α =
K
K − 1
(∑K
i=1 σ
2
Yi
σ2X
)
(2.1)
As Cronbach’s α increases, the internal consistency of the set of items in-
creases, indicating that all of the items reflect a single latent (unobserved)
construct. Typically, instruments exhibiting α values less than 0.7 are re-
jected due to too much internal variation (indicating that the data probably
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reflects two or more latent variables, making the interpretation of the ob-
servable data ambiguous).86 For the SALG, each category of items can be
treated as an instrument in and of itself. Values for α were calculated for all
categories of the SALG baseline survey over all semesters in which the survey
was administered, and all values were found to be in excess of 0.7. This result
is encouraging to the extent that the given categories of the SALG baseline
survey stand up to statistical measures of internal consistency.
Although Cronbach’s α for a particular category captures the internal con-
sistency of the set of items within that category, it does not account for
correlations between items across categories, which might indicate that re-
sponses within two categories are really the result of a single latent variable.
Factor analysis of the entire survey instrument does capture these sorts of
situations. In fact, early analysis from the fall 2010 semester indicated that
the default categories of the SALG baseline may not reflect the actual la-
tent variables measured by the instrument. Table 2.4 shows factor loadings
greater than 0.4 calculated for items on the Fall 2010 SALG baseline survey.
The number of factors was restricted to 4, factorization was carried out via
principal component analysis followed by varimax rotation.87
As all four calculated factors included items from multiple categories,
the default categories were abandoned and assigned new names. The high-
loading items for factor 3 measured both understanding of the key concepts
from our course content (items 1.1.1-1.1.4) and confidence in the ability to
understand and apply course material (3.5). These items may be consoli-
dated under the name “mastery”: students with a high score in this factor
perceive themselves as understanding our course content well and are highly
self-confident. Factor 4 was given the label “wider interest,” as its high-
loading items (1.3-1.5) indicate an interest in extending course content to
other classes and real-world applications. Factor 2 is composed of items
from the Skills and Integration categories, suggesting that items from these
two categories measure a deeper common set of skills. Factor 2 was labeled
“general learning skills,” as skills addressed in high-loading items of this
factor encompass strategies for perceiving, interpreting, and integrating in-
formation. Finally, factor 1 was given the name “learner confidence” because
its items are indicative of a positive attitude towards learning and a general
ability to integrate information. Students with high factor 1 scores likely
possess qualities that make them confident and effective learners in a general
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Item Learner Confi-
dence
General
Learning Skills
Mastery Wider Interest
1.1.1 0.622
1.1.2 0.737
1.1.3 0.575
1.1.4 0.726
1.2 0.792
1.3 0.689
1.4 0.714
1.5 0.672
2.1 0.675
2.2 0.718
2.3 0.676
2.4 0.784
2.5 0.770
2.6 0.713
2.7 0.513
3.1 0.781
3.2 0.781
3.3 0.781
3.4 0.781
3.5 0.781 0.499
3.6 0.781
3.7
4.1 0.606 0.428
4.2 0.566 0.516
4.3 0.579 0.532
4.4 0.523 0.624
Table 2.4: Factor loadings greater than 0.4 for items on the Fall 2010 SALG
baseline (pre-semester) survey.
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sense.
Each baseline survey included slightly different items, complicating direct
comparison of instruments from different semesters. However, the calculated
factors from each semester had a striking number of features in common. In
each case, the calculated factors could be identified as falling into these four
categories:
• Content knowledge or mastery
• Wider interest in the subject matter
• Affective skills & mental integration
• Professional & general learning skills
For example, items from sections 3 and 4 (attitudes and integration) loaded
most prominently on a single common factor (affective skills & mental inte-
gration) for all of the baseline surveys. Although items within a particular
default category tended to load together, calculated factors bridging the de-
fault categories indicated that more subtle latent variables may be figuring
in to students’ responses on the SALG baseline survey. I have exploited this
underappreciated feature of the SALG baseline to provide students with a
more nuanced look at their responses on the baseline survey. Scores on the
four factors listed above paint a more nuanced picture of incoming student
ability than the default SALG categories, and suggest that a re-design of
the baseline survey may be necessary to most efficiently measure the latent
variables that are most important for learning.
2.7 Longitudinal Evaluation of the
Molmodac Project
Results for the baseline survey on items consistent throughout this study
are provided in Figure 2.5. No semester was significantly different from any
other on any of the items consistent across semesters, indicating that student
bodies from each semester represent samples from a common population with
more or less fixed aggregate baseline knowledge and skills.
Items 2.6 (“Presently, I can use knowledge I possess to reason by analogy
to a new situation”) and 3.7 (“Presently, I am willing to seek help from others
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Figure 2.5: SALG baseline results for the Skills, Attitudes, and Integration
of Learning sections.
(teacher, peers, TA) when working on academic problems”) stand out as at-
tributes that students ascribe to themselves. Item 3.7 is of particular interest
from a pedagogical point of view, as it suggests that students have a strong
desire to learn by working with one another and with instructional staff.
Activities and instructional design considerations that encourage student-
student and student-instructor collaboration, then, have a high likelihood of
promoting significant learning gains.
Items on the post-semester SALG survey are divided into sections in an
analogous way to the baseline survey. To the extent that the baseline survey
indicated that each sample of students reflects the same population, signifi-
cant differences in the post-semester survey represent meaningful differences
in learning gains. However, one must be careful to avoid ascribing substan-
tial meaning to the absolute indicated learning gains, which lack meaning in
the absence of calibration with a separate, absolutely validated measure. It
should also be noted that statistically significant differences between SALG
items associated with the same course are extremely rare, even when course
activities are meaningfully varied. Students’ expectations, previous academic
experiences, and other variables conspire to make the standard deviations of
SALG responses quite large. Thus, differences across semesters should be
interpreted with some care.
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Figure 2.6: Mean gains in professional skills as indicated on the SALG
post-semester survey.
Figure 2.6 indicates mean reported gains in professional scientific skills over
the period of study. The Molmodac Project was administered in summer
and fall of 2010, and reported gains fell slightly during this period. Gains
continued to fall on average in 2011, when the project was not administered
(a third midterm examination was given instead). A remarkable spike is
seen in the spring of 2012, when the third iteration of the project, which
introduced the challenge concept, was run. This peak of gains in professional
skills was largely maintained through the summer of 2012, although reported
gains dipped slightly in the fall of 2012.
Mean reported learning gains in affective skills and attitudes are shown
in Figure 2.7. The affective domain of learning concerns the attitude of the
learner toward the subject matter and the ability of the learner to appreci-
ate and use emotional and attitudinal skills in conjunction with the subject.
In the context of chemistry, important aspects of the affective domain in-
clude the desire to study the subject further, the learner’s confidence in
problem solving and articulating important concepts, and an appreciation
of the applicability of chemistry to real-world problems. The SALG post-
semester survey employed in this study addresses these and other aspects of
the learner’s attitude toward organic chemistry.
Changes in attitudinal gains were generally more mild than changes in
gains in professional skills over time. The exception is the summer 2010
semester, whose students reported substantially larger improvements in their
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Figure 2.7: Mean gains in affective skills and attitudes as indicated on the
SALG post-semester survey.
attitudes toward organic chemistry than students from other semesters. This
uptick was likely due to the small sample size of that semester. With the
exception of the summer 2010 semester, students consistently reported gains
in their willingness to seek help as their greatest gains in the affective domain.
A slight collective uptick in reported affective learning gains in the spring
of 2012 semester is notable in light of the aforementioned gains in profes-
sional skills reported by this same body of students. These results suggest
a slight collective improvement in students’ attitudes along with their gains
in professional skills. On the whole, however, students’ attitudes toward
organic chemistry were largely unaffected by the Molmodac Project. These
results are consistent with other research that suggests that student attitudes
are difficult to impact in the course of one semester. Lasting influences on
student attitudes generally require long-term curricular improvements.
The SALG includes a short section on cognitive integration skills, cross-
disciplinary skills that pertain to the processing and integration of informa-
tion. These skills are critical for lifelong learners, who will need to continu-
ously integrate new information with old information to develop knowledge
and understanding from an otherwise disconnected pile of facts. Cognitive
integration skills addressed by the SALG include the ability to critically
analyze and evaluate arguments, the ability to connect knowledge from the
current course with other knowledge, the ability to apply skills learned in this
course to other contexts, and the ability to use systematic, generalized pat-
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Figure 2.8: Mean gains in cognitive integration skills and attitudes as
indicated on the SALG post-semester survey.
terns of reasoning to solve problems. Gains in these skills were similar across
the period of study, although maxima for gains in all four skills occurred
in the spring of 2012 (ignoring the summer 2010 semester due to its small
sample size, as mentioned previously). This result again speaks to the merit
of the third iteration of the Molmodac Project. Reported learning gains for
all three general categories addressed by the SALG increased between the
fall 2011 and spring 2012 semesters.
Taken together, results from the longitudinal SALG survey indicate that
the third iteration of the Molmodac Project had a substantial impact on
students’ reported learning gains. Interestingly, lower gains were reported
in earlier iterations of the project. These lower gains are most likely due
to poorer scaffolding in earlier semesters, when the learning outcomes and
even the final deliverables of the project were still uncertain. This study
speaks to the importance of developing course activities whose instructions
are tightly associated with clear, meaningful learning outcomes. These results
and related work do not mean that instructors should expect to hold students’
hands through a challenging task, but students must have some expectation
of success to take the first steps toward completing that task. Appropriate
scaffolding, such as the challenge concept for the third iteration of Molmodac,
provides students with an initial boost of confidence and enough momentum
to immerse themselves in a difficult task.88
Students reported particularly high gains in professional skills during the
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third iteration of Molmodac. This finding is unsurprising when one considers
the disparity between a typical examination in a sophomore organic chem-
istry course and the professional tasks that chemists (and other scientists
that employ chemistry) must perform regularly. Examinations at the sopho-
more organic level rarely ask students to demonstrate more than superficial
pattern recognition or the regurgitation of facts—even predicting the product
of a given reaction can represent a high-level form of regurgitation! At the
very least, problems posed in examinations are usually contrived situations
whose basis in reality is coincidental rather than by design. Molmodac and
the Metabolic Pathways Project, on the other hand, are designed to intro-
duce students to scientific literature and empirical evidence from the outset.
Building an argument around reported empirical evidence is central to the
execution of both projects, and this is an activity common to all professional
scientists.
2.8 Conclusions
This study involved the development, implementation, and evaluation of a
semester-long project addressing organic or bio-organic reaction mechanisms.
A cycle of implementation, evaluation, and reflection resulted in several iter-
ations of the project with marginally improved evaluations at each iteraction.
The study also demonstrated the utility of the Student Assessment of Learn-
ing Gains survey for evaluating the effectiveness of instructional interventions
in a chemistry course. Use of the baseline instrument permits comparisons of
reported gains across semesters, and although the absolute numbers associ-
ated with SALG results are of little utility, evidence from this study suggests
that changes in reported gains over time do represent useful measures of
progress.
Students indicated substantial learning gains in a variety of skills during
semesters in which the project was run. Most of all, students have enjoyed
and benefitted from the development of professional skills as a result of the
Molmodac and Metabolic Pathways Projects. Students often find little op-
portunity to develop professional skills in college courses. This is particularly
true at the end of the general education phase, when the focus of content
is typically on relatively complex theory and intricate problem solving. The
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projects described in this chapter offer many opportunities for students to
tackle complex problems while simultaneously developing professional skills
such as information literacy and argumentation.
Despite the results reported herein, progress can still be made on the
Metabolic Pathways Project. Future iterations should incorporate the “im-
plement, evaluate, reflect” cycle described above, with the SALG survey as
a critical element. The nature and importance of group dynamics during
the project remains a relatively unexplored area, although focus group inter-
views and anecdotal evidence suggest that students attribute much of their
performance on the project to the dynamics of their groups. A comparison of
reported learning gains during individual and group implementations of the
project would be useful, for example. Further development of the technical
tools associated with the project is also underway, with a focus on creating
pedagogically useful tools with good user experiences for students. Looking
outward to existing technologies may also be worthwhile; for example, recent
iterations of the Metabolic Pathways Project rely heavily on the Ligand Ex-
plorer tool available on the Protein Data Bank.89 Speculating on the future
of technology is difficult, but attention should also be paid to the potential
of technologies associated with the project to endure for long periods of time
(or at least be archivable).
Consistent with related prior work,88 anecdotal evidence from this study
suggests that when students have a sense that a project or (more generally)
reform is “bolted on” to an otherwise traditionally taught course, the impact
of the project and its associated learning gains are low. In many cases, only
deep course reforms that involve profound, simultaneous changes to nearly
all aspects of course design result in meaningful shifts in student learning.
Such reforms are high-risk, high-reward propositions, of course, as aggregate
learning gains may increase or decrease. Nonetheless, tighter integration of
the project with at least the final third of its associated course is probably
necessary to impact learning gains more forcefully.
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Chapter 3
Development and Social
Network Analysis of a Novel
Peer-tutoring Marketplace
3.1 Introduction
Decades of research have highlighted the positive effect of student-student
interaction on student motivation, learning and persistence in courses and
curricula.52,90 Traditionally, the theoretical underpinnings of positive inter-
action effects have invoked the social aspects of the face-to-face (F2F) class-
room environment and learning in general. Theories such as Vygotsky’s zone
of proximal development91 and Lave and Wenger’s situated learning92 rec-
ognize that peer interactions awaken students to their own potential, clarify
their standing relative to classmates and help them establish a community
of learners. Other theories describe additional values of social interactions
in education.93,94,95 In many cases, the benefits of social interaction extend
beyond the walls of the classroom; for instance, Tinto has observed positive
correlations between student social behavior and persistence in college.96
Given the apparent value of student-student interactions in the F2F class-
room, the seemingly innate shortage of student-student interaction in dis-
tance courses is a legitimate concern for collegiate instructors and adminis-
trators. At the same time, a growing body of recent research has focused on
interactions in fully online and blended courses, with important implications
for distance education.97 Entire theoretical frameworks have focused on com-
munity building98 and student-faculty-content interactions99,100 in distance
courses. Nonetheless, the characterization of specific online interactions as
pedagogically valuable remains difficult. Most studies of online interactions
to date address asynchronous, text-based, course-wide communications at
the expense of more intimate synchronous interactions involving more subtle
social considerations.101 However, the use of synchronous software in online
education is increasing,102 and with it, our ability to spark intimate dialog
between students in distance courses is also increasing.
42
Formalized peer tutoring is a well-studied technique that encourages student-
student interaction in traditional F2F courses. Through peer tutoring, stu-
dents are able to share useful information, effective problem-solving strate-
gies and even positive attitudes while learning as both tutors and students
of one another.103 Tutors report improved communication skills and greater
content understanding, while tutees describe reduced anxiety, greater sat-
isfaction and more transferrable skills as a result of tutoring.104 Successful
examples of peer tutoring programs are common in fields for which problem
solving is critical. For instance, Sobral has reported an example of a cross-
year program for medical school students, during which enhanced student
expertise in a specialized area was loosely related to tutoring experience in
that area.105
The broad field of “peer tutoring” encompasses a wide variety of activities
involving students teaching or coaching one another. Peer-tutoring programs
may be classified according to: (1) the number of students involved in each
tutor-tutee interaction, (2) whether interactions are one way or reciprocal,
(3) the duration of the program and (4) the age difference between tutors
and tutees. Many peer-tutoring programs involve the use of student leaders
who teach groups of students. Leaders are often highly motivated former stu-
dents in the course, chosen by course instructors.106,107 While such programs
provide undeniable benefits for students, leaders and course instructors, the
external positions of peer leaders may limit their effectiveness. The possibil-
ity of reciprocity is absent, and leaders are limited by their availability and
session size. A reduction in the size of the tutoring group to its smallest
unit, the dyad (tutor-tutee pair), has the potential to mitigate these issues.
Because of problems associated with scalability, most dyadic peer-tutoring
programs involve students in the same year and course in lieu of external
leaders; however, tutor performance does not appear to be negatively af-
fected by this change. For example, Fremouw and Feindler have observed
that, when tutors are given some additional content training, dyadic peer
tutoring can be as effective as professional group tutoring.108
Dyadic tutoring may be further subdivided into fixed-role and reciprocal
varieties. Fixed-role peer tutoring involves the establishment of a set group
of tutors and tutees at the outset, with no opportunities for the tutors and
tutees to exchange roles. Several studies have highlighted the critical role of
tutor competency in dyadic, fixed-role peer-tutoring programs108,109—when
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tutors disseminate misinformation or appear unprepared, tutee response is
negative and tutee performance diminishes. Although competency is often
assured in experimental designs through mandatory tutor preparation, prepa-
ration is difficult to enforce in large or time-intensive courses, complicating
fixed-role activities in a practical sense. Furthermore, the natural fluctua-
tions of tutors’ ability levels with changing topics render long-term fixed-role
designs problematic.110
Reciprocal designs demand that two students teach one another during a
tutoring interaction. Importantly, reciprocal designs do not define individual
tutor and tutee roles explicitly; instead, students prepare tutoring materials,
such as a set of questions, and teach each other simultaneously.111 Significant
structure in reciprocal designs is critical, as poorly structured tutoring activ-
ities may lead to irrelevant dialogue, stress and diminished learning gains.112
In addition, reciprocal activities suffer when the ability levels of the students
involved are significantly unequal. Even more flexible tutoring programs with
strict tutor selection criteria suffer from related problems with tutor incom-
petence.113 Peer-tutoring activities must incorporate some means of making
sure tutees and tutors are well matched.
For distance education, peer tutoring holds the promise of improving stu-
dent rapport and building a community of tutors and tutees across geographic
barriers. Unfortunately, research addressing peer tutoring in distance educa-
tion is largely inconclusive, and peer tutoring programs aided by computers
and the Internet remain underdeveloped.114,115,104 Jegede’s On-campus/off-
campus Peer Tutoring Electronic Network (OPTEN) model, for instance,
took advantage of online communication tools to facilitate tutorial sessions
between students on and off campus; however, the roles of tutor and tutee
were switched weekly, not based on the skill levels of the students involved in
each interaction with the particular week’s topic. Such arbitrary reciprocity
will never maximize student satisfaction with peer-tutoring programs because
of the tutor competency problems described above—tutors and tutees need
to be matched well to maximize learning gains from peer-tutoring activities.
Providing the tutee with a fine-grained awareness of her tutor’s competen-
cies may help prevent her from coming into contact with an underqualified
tutor. However, for large courses, widespread student awareness of specific
competencies (such as skill with a particular lecture topic or type of prob-
lem) is administratively impossible. Educational technology is a powerful
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tool that can help manage, organize and disseminate this information, em-
powering tutees in the process.116 With this in mind, I have developed a
web-based tutoring system called “OPAL” (Online Peer-Assisted Learning)
that not only allows students to register as tutors or tutees at the level of
specific problems but also does so in a “gated” fashion, discouraging un-
qualified students from becoming tutors. Anonymous tutoring histories are
provided for each tutor, arming tutees with information that may increase
confidence in their tutors. The system’s aim is to coordinate effective dyadic
peer tutoring for large courses, both on and off campus. In particular, I
piloted the system in a collegiate, blended organic chemistry course of 250
students. From a research perspective, I was interested in whether this ac-
tivity facilitated student-student interaction that would not otherwise occur
and resulted in significant learning gains for students.45
3.2 Design of the System
Figure 3.1 illustrates the OPAL tutoring system and details a hypothetical
tutor-tutee interaction. Conceptually, tutors are represented as residing in
a set of “gated pools” corresponding to problems that they are allowed to
teach. Problems for the present study were old exam questions that stu-
dents could revisit; however, instructors can set up problem sets for any
course assignments of their choosing. Student membership in tutoring pools
is controlled either through manual management by the instructor or “digital
gates” to which students gain access when they answer a problem correctly
on a computer. The system itself is independent of a specific problem-solving
framework, and the instructor is free to place gates wherever he or she chooses
on the web—gates are simply hypertext markup language (HTML) links that
can be pasted anywhere where HTML is supported. In the context of CHEM
332, gates were placed in feedback for correct responses within ACE Organic,
a website on which students submit molecular structures in response to posed
questions.21 The responses are machine graded, and feedback is immediate,
so that students who answer a problem correctly are able to enter the prob-
lem’s tutor pool by clicking a revealed link. Course instructors may also
manage membership in tutor pools on the OPAL website manually. Once in
a tutor pool, students may post anonymous “tutoring tickets” to the OPAL
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Figure 3.1: Overview of the OPAL tutoring system.
database, indicating their willingness and availability to teach problems for
which they are eligible.
Students seeking help are able to filter and browse a list of tutoring tick-
ets. Each ticket includes statistics related to the tutor’s teaching history,
including his or her current network of tutors and tutees, problems he or she
has tutored from the same assignment, and the timing and duration of past
tutoring interactions; however, the tutor’s name remains anonymous until
someone responds to the ticket. Potential tutees may also use this interface
to respond to tutoring tickets, at which point notifications are sent to the
tutee, tutor and course instructor that a tutoring interaction has begun.
The tutoring interaction itself may take place over the Internet (via e-mail,
Skype, Google Docs or other online collaboration platform) or in person.
Tutors are instructed to carefully examine their tutees’ problem-solving ap-
proaches and identify errors. The tutoring interaction formally ends when
the tutee answers the problem correctly and enters the tutor pool for the
problem herself. To certify that a tutoring interaction has occurred, both
the tutor and tutee prepare video reflections, which describe the errors in
the tutee’s thought process and how the tutor helped the tutee surmount
these difficulties. The deliverable serves as proof to the instructor that an
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interaction occurred. Although it is impossible for instructors to view every
deliverable video for more than the smallest of courses, I have had success
randomly sampling videos to get a general sense of the effectiveness of tu-
toring interactions. For each tutoring interaction in which they engaged,
students were awarded one point of extra credit (the course includes one
thousand points total). It is worth noting that for many subjects, a forum
post or e-mail message may suffice as a deliverable; because students had
some prior experience with screen-casting software, I asked them to prepare
videos.
Peer tutoring activities that use OPAL are arguably of a completely new
class than the programs described above. Students are able to tutor one
another on different problems, so OPAL is certainly not a fixed-role system.
However, tutoring interactions on OPAL do define specific tutor and tutee
roles for the dyad, which sets it apart from purely reciprocal peer-tutoring
programs for which teaching and learning are nearly simultaneous and bidi-
rectional. On the other hand, the system does allow students the flexibility
to set up reciprocal interactions if they so desire (by meeting in person and
coordinating tickets with one another). Tutoring interactions are tracked
and managed as their fundamental units—the teaching of a single problem
by a tutor to a tutee—but how students manage these units is up to them.
Thus, I have classified this peer-tutoring exercise as “variable reciprocity peer
tutoring,” or VRPT.
Several built-in checks prevent students from abusing the system. Students
may not teach a problem unless they are members of its tutor pool. They
may not sign up as tutees on tickets that they have created and (at the
present time) can tutor only one other student on a given problem. Setting
the system up in this way encourages students to diversify their tutoring
experiences across multiple problems and rewards those who enter more tutor
pools. Ultimately, this design also tends to place high-performing students
at the root of large tutoring networks, facilitating a flow of information from
generally skilled to unskilled students (vide infra).
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3.3 Social Network Analysis: Methods,
Results & Discussion
The extensive logging afforded by OPAL’s MySQL database allowed us to
apply social network analysis (SNA) methods to tutoring interactions be-
tween students. Social network analysis treats the relationship as its basic
unit; unlike conventional data analysis, SNA presupposes the existence of re-
lationships and seeks general patterns among relationships in lieu of patterns
among data.117 Indeed, SNA treats the relationship (in our case, a tutoring
interaction) as a kind of data and includes many methods analogous to tra-
ditional data analysis methods in this respect. SNA is relevant to this study
because one of our research goals is identifying meaningful student-student
interaction using a network graph of tutoring interactions. More traditional
methods that do not take relationships into account are less useful for ad-
dressing research questions about student-student interaction when direct
information about interactions (eg, from a tracking database) is available.
Tutoring exercises were carried out prior to exam 3 and the final exam
during the spring 2011 semester. Students tutored one another on practice
exam problems modeled after upcoming exam problems. After each tutoring
exercise was complete, I used SNA methods to investigate student-student
interactions. Primarily, I was interested in: (1) the correlation between stu-
dent performance (as measured by grades) and overall network centrality, (2)
whether students formed cliques and “gamed the system” by sidestepping its
anonymity (indicating shallow student-student interaction) and (3) whether
tutees tended to be motivated to become tutors themselves after receiving
help and answering problems correctly. The remainder of this section will
deal with each of these questions in turn.
In the tradition of situated learning,92 the OPAL tutoring system was de-
signed to facilitate “competency diffusion” from skilled to unskilled students.
To determine if this ideal was realized, I examined correlations between mea-
sures of network centrality and student performance (total points and exam
scores). I hypothesized that students with larger tutor degrees would be more
skilled than those with lower tutor degrees, due to both the educational ben-
efits of tutoring and the gated design of OPAL. For the third midterm and
final exam of our course, students were permitted to tutor one another on
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mock exams whose problems were conceptually analogous to problems on the
exams themselves. For both tutoring exercises, correlations between tutoring
degree differential (the difference between number of interactions as a tutor
and number of interactions as a tutee) and performance on the subsequent
exam were weak but positive (Figure 3.2).
However, students with positive degree differentials (ie, those who tutored
more often than they were tutored) outperformed those with negative de-
gree differentials by 9% on exam 3 and 6% on the final exam. Separating
in-degree and out-degree revealed moderate-to-weak positive correlations be-
tween out-degree and total points in the course for both rounds of tutoring
(ro,fin = 0.14, ro,3 = 0.23) and weak negative correlations between in-degree
and total points (ri,fin = −0.14, ri,3 = −0.04). Similar centrality measures
also correlated weakly with student performance; it is likely that additional
factors such as student time and motivation are complicating these results.
Clique and small component formation within tutoring networks were sur-
prisingly low for the first tutoring exercise (exam 3) but increased for the
second round of tutoring. Figures 3.3 and 3.4 are force-directed networks of
tutoring interactions, in which an arrow illustrates a tutoring interaction be-
tween tutor (the tail of the arrow) and tutee (the head of the arrow). Nodes
are scaled by their closeness centrality. A clique is defined as a group of nodes
with fully exhaustive edges; that is, each node is connected to every other
node in the group. The exam 3 tutoring exercise produced only four cliques
containing three students (excluding isolated pairs) out of a total student
count of 181. The final exam tutoring exercise produced only five cliques
of three students (excluding isolated pairs) out of a total student count of
202. Components are defined as isolated, connected groups of nodes—in Fig-
ures 3.3 and 3.4, components may be distinguished by color. The exam 3
tutoring exercise produced 11 components, 10 containing two students and
a core component containing 163 students. The final exam tutoring exercise
produced 19 components, 14 containing two students, four containing three
students and a core component containing 162 students. The existence of a
significant number of small components suggests that some students likely
worked together and did not interact with students they did not already
know.
Tutoring interactions were highly nonrandom and most often involved at
least one student with experience using the system. Figure 3.5 illustrates
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Figure 3.2: Correlations between exam performance and tutoring degree
differential.
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Figure 3.3: Network graph for the exam 3 peer tutoring exercise.
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Figure 3.4: Network graph for the final exam peer tutoring exercise.
the number of interactions between students with no tutoring experience, or
“virgin interactions,” over time. For both tutoring exercises, the probability
of a student engaging in a tutoring interaction with another student with
no experience approached zero rapidly as interactions occurred. Comparison
with an ungated random simulation (Figure 3.5, dotted trace) using the
parameters of exam 3 (181 students, 17 problems, 1500 total interactions)
revealed that the majority of tutoring interactions involved students who were
already members of the network—evidence that new tutors and tutees gained
rapid familiarity with the system. Information about how the OPAL site
works appears to have spread rapidly, allowing students to focus primarily
on teaching one another instead of worrying about technical concerns.
In general, although almost every student tutored multiple problems, fewer
posted tickets to tutor after having served as tutees themselves. Separating
the exam 3 tutoring network into subnetworks by problem revealed that the
average maximum component size was 4.65 students, while the average over-
all component size was substantially smaller (3.18 students). These data
indicated that only about one-third of the students who participated as tu-
tees on a problem were compelled to serve as tutors on the same problem.
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Figure 3.5: Tutoring interactions involving new students over time, exam 3
exercise.
Increasing student motivation to teach after being taught is a target of future
studies.
3.4 Learning Gains Due to Tutoring:
Methods, Results & Discussion
As a qualitative measure of students’ perceived learning gains due to tu-
toring, we used the Student Assessment of Learning Gains (SALG) survey.
This survey was given to students in class at the end of the semester. The
SALG asks students to use a five-point Likert scale from “no gain” to “great
gain” to rate their learning gains due to specific course activities.80 For the
SALG postsemester survey in the spring of 2011, we included items related to
tutoring alongside other activities that have existed for multiple semesters.
Comparisons between these long-standing items and student ratings of tu-
toring interactions served as our measure of their impact on student learning.
Additional theoretical background related to the SALG is provided in Sec-
tion 2.5.
As the SALG is a subjective measure dependent on students’ perceived
learning gains, it is important to establish what constitutes a meaningful
positive result (and such results are often arguable). Rather than focus on
the absolute values of students’ ratings, it is more useful to examine ratings in
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Activity/course content Mean reported learning gains
Watching video lectures online 3.5± 1.2
Working problems associated with each
lesson
3.9± 1.1
Tutoring other students before exams 4.3± 1.0
Being tutored by other students before ex-
ams
4.3± 1.0
Table 3.1: Reported learning gains for long-standing course activities (rows
1 and 2) and tutoring exercises (rows 3 and 4)
the context of the rest of the survey, looking for notable differences between
items. In our case, students’ assessments of their own learning gains due
to tutoring and being tutored represented global maximum averages on the
survey (Table 3.1). They were also more than half a point higher than our
traditional course content—online videos and practice problems associated
with each class session.
Qualitative feedback in the same survey supports the quantitative data
described above. Students reported enjoying the multiple perspectives they
heard from different tutorsfor instance, one student remarked that “different
insight from different people all the time helped to open my mind.” Con-
sistent with other results in the literature,118,107,104 many students reported
that teaching others course material helped verify and/or deepen their own
understanding. One student wrote, “Tutoring other students challenged me
to explain my thoughts and approaches to problems more concisely.” Along
the same lines, many students praised the video deliverable as a mechanism
for organizing their thoughts and as a permanent record to which they could
refer later. A few students commented that tutoring helped them address
problems that they would have otherwise abandoned. Additionally, nega-
tive feedback related to student isolation in our course disappeared from the
SALG following the introduction of the OPAL tutoring program.
3.5 Conclusions
I have designed, executed and analyzed a new kind of tutoring exercise for
students in a large, problem-centered organic chemistry course in which stu-
dent isolation has been an historical issue. Beginning with the idea that
developing a tutoring exercise may improve student-student interaction in
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our course, I developed a website to track and organize tutoring interactions
at the level of individual problems. Students with expertise (as evidenced by
a correct answer submitted through an online homework system) were able
to post tickets indicating their availability to teach specific problems, and
students in need were able to respond to these tickets anonymously. Orga-
nizing tutoring interactions at the individual problem level seems to provide
the topical structure and relevance preferred by students while introducing
flexibility in the methods students may use and the time demands of tutoring.
Furthermore, the gated design of the system (which discourages unqualified
students from becoming tutors) may help mitigate student dissatisfaction
associated with incompetent tutors. Because our exercise lacked the built-in
symmetric reciprocity of past tutoring exercises,112 but still allowed students
to tutor one another on different problems if they chose to, we have termed
our paradigm “variable-reciprocal peer tutoring” (VRPT).
Social network analysis of the tutoring networks that resulted from two
rounds of tutoring illustrated that the exercise facilitated highly dense, non-
random student-student interaction. The anonymity of tutoring tickets in
the online system is one likely contributor to the high interconnectedness of
the network. As students became familiar with the system’s design, however,
the density of the network and the size of the major component decreased
slightly, with more small “islands” of interactions appearing during the sec-
ond round of tutoring. It is apparent that a less-than-optimal fraction of
the class was interested in teaching a problem to someone else after being
tutored on it; however, this may have been because of students’ time limita-
tions rather than a flaw in OPAL’s design. On the whole, the activity almost
certainly facilitated an unprecedented amount of positive student-student
interaction in my course.
Qualitative results supported the value of the tutoring exercise and its
associated technology for student learning. Students reported high learn-
ing gains as due to tutoring activities. Open-ended responses on the SALG
survey suggest that three major factors contribute to student learning gains
from tutoring: (1) tutoring encourages students to address problems they
would otherwise abandon, (2) teaching others helps students confirm and/or
deepen their own understanding and (3) the requirement of a video deliv-
erable forced students to express their thoughts clearly and established a
permanent record of their teaching and learning strategies for problems they
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struggled with.
Development on OPAL is continuous, and many design and research ques-
tions remain. The usefulness to students of tutor statistics is an open question
that warrants further study. One could imagine introducing rating and/or
tagging systems for video deliverables, with the aim of making the video
repositories that result from tutoring activities more useful for students.
Despite the computer-based organization provided by OPAL, students car-
ried out tutoring interactions both on computers (synchronously and asyn-
chronously) and in person, and studies addressing the relative effectiveness
of these three approaches would be beneficial. Furthermore, as literature has
demonstrated the benefits of prior training for online peer tutors,119 OPAL
would benefit from training materials for students who decide to interact
asynchronously online.
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Chapter 4
Impact of Student-generated
Screencasts on Problem Solving
and Learning
4.1 Introduction
Since television entered the mainstream in the 1950s, video has been used
as a medium for distance education and teaching in the classroom. Initially,
television was viewed simply as a medium for the audiovisual transmission of
information. Lectures, demonstrations, and other “one-way” presentations
were recorded on video for the purpose of dissemination to a wider audience
than possible in the physical classroom.120 Advances in animation technology
and graphic design eventually allowed educators to create dynamic, interest-
ing visualizations, but this progress did little to change the fact that videos
were for consumption by students, not for student production. Aware of
this prevailing attitude, skeptics of television in education argued that the
medium itself offered few opportunities for truly innovative pedagogies.121 On
the other hand, early studies of video recordings of students practicing teach-
ing, drama, and medicine represent important exceptions to this trend.122,123
These examples provided critical evidence that audiovisual media could pro-
vide students with important information about their own behaviors, tacit
knowledge, and even cognitive processes. A truly new kind of learning thus
emerged: with the advent of audiovisual media, students could engage in
dispassionate metacognition directly by analyzing their own behaviors on
video.
“Metacognition” is defined by Flavell as “knowledge concerning one’s own
cognitive processes and products or anything related to them.”124 From a
simple perspective, the concept refers to the general process of “thinking
about how one thinks,” with the aim of understanding, evaluating, or chang-
ing one’s thought processes. On a deeper level, metacognition can refer to
the use of multiple cognitive processes in concert and the regulation of cog-
nition. White has identified four aspects of metacognition: (1) knowledge
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about the nature of cognition itself, (2) monitoring and awareness of one’s
own thoughts, (3) the ability to regulate one’s thinking (as in the course of
solving a difficult problem or analyzing a complex situation), and (4) motiva-
tion or willingness to regulate thinking (essentially, propensity to engage in
aspect 3). These aspects represent a convenient way to think about metacog-
nitive skills, concrete strategies involving metacognition.
In chemistry, much attention has been paid to the relationship between
metacognition and conceptual change—insofar as one must be aware of one’s
own thoughts to change them, metacognition is a direct prerequisite for con-
ceptual change.125 Educational researchers have come to understand that an
appreciation of the nature of students’ ideas about chemistry (aspect 1 above)
can not only help students apply metacognition efficiently, but can also help
instructors rapidly identify and address misconceptions. Scholars are divided
on how students construct scientific theories and integrate them into their
understanding of the world.126 One camp, the “pieces” school, posits that
students treat chemical theory like a (largely static) jigsaw puzzle, whose
pieces are filled in as they learn new aspects of the theory. Gaps in under-
standing can thus be filled without a complete recalibration of prior facts
and concepts. An alternative view, the “theory” school, holds that students
iteratively take up fully coherent theories as they learn new concepts, dis-
carding old theories in the process. One could say that the latter viewpoint
is analogous to the historical development of chemical theory.
A second context in which metacognition has been studied, more im-
portant for the present work, is the domain of complex problem solving.
Complex problem solving refers not to the solution of an algorithmic, well-
defined problem by brute force, but to “grappl[ing] with new and unfamiliar
tasks, when the relevant solution methods (even if only partly mastered)
are not known.”127 Metacognition is important for complex problem solv-
ing because the first line of thinking undertaken by a student in the course
of solving a problem may be incorrect. To revisit key decisions made dur-
ing the problem-solving process and change course, metacognition is neces-
sary. With this in mind, a number of tasks, frames, and strategies have
been advanced that integrate metacognition into the problem-solving pro-
cess by design. These include the Predict-Observe-Explain framework of
Champagne and co-workers,128 the Model-Observe-Reflect-Explain (MORE)
thinking frame,129 and others. All of these require students to consciously
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evaluate their ideas before proceeding to solve a problem.
While these devices are meant for practical use by students and instructors,
other lines of research have focused on exploring metacognitive skills during
problem solving in the laboratory through the use of “think-aloud” problem-
solving sessions.130 During one of these sessions, a student attempts to solve
a problem while verbalizing his/her thought process. The session is recorded
on video and audio, and the entire record—including any written materials
the student produced—is investigated qualitatively by the researcher. One
of the most remarkable applications of the think-aloud method is de Groot’s
landmark study of the thought processes of chess players of varying abil-
ity.131 Verbalizations by participants provided de Groot with a glimpse of
the analytical strategies used by novices and experts alike. Similar studies
have provided chemical education researchers with insight into the cognitive
processes students use while solving problems.132,133 Since the importance of
metacognition for learning was identified in laboratory studies, a number of
devices and activities designed to promote metacognition have entered main-
stream classroom practice. The present chapter describes one such activity.
With the proliferation of the Internet and affordable, user-friendly screen-
casting and podcasting applications, students gained the ability to share
their thoughts with one another and with instructors directly through audio-
visual media. Educators have generally referred to auditory media prepared
by students as “podcasts” and videos as “screencasts.” Reported benefits of
podcasting for learning include the development of presentation skills, critical
reasoning abilities, and professional skills.134 Similar advantages have been
ascribed to screencasting, although screencasting is associated with greater
technological overhead than podcasting alone.135 The present chapter de-
scribes my work on the development, implementation, and evaluation of an
activity involving student generation of tutorial or metacognitive screencasts.
In each video, students described their thought processes while solving dif-
ficult organic chemistry problems, either during a relatively high-stakes sit-
uation or afterwards. As the problems were time limited and on the order
of exam problems in difficulty, we termed them “Pressure Point Problems
(P3s)” and the resulting screencasts “P3 replays.” Initially, the activity
involved evaluation of P3 replays after each class session by the course in-
structor, followed by posting of the top 3-5 videos on the course wiki site. To
address the lack of scalability associated with this approach, a new site for
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uploading screencasts was developed that allowed students to rate videos as
they watch them. The most highly rated replays are then shown most often
to students. Statistical analysis of data pulled from the website for video
submission was undertaken to identify correlations between student perfor-
mance and participation in this activity. Additionally, students were asked
about their learning gains due to P3s and P3 replays in post-semester SALG
surveys (for more information on the SALG instrument, see Chapter 2).
4.2 The Pressure Point Problem (P3)
Concept
The P3 concept was initially developed to answer a call from students for
more problems of exam-level difficulty and better exam preparation. Al-
though a set of introductory problems is associated with each lesson (class
session) in CHEM 332, students consistently reported difficulty in making the
leap from the introductory problems to problems on examinations. In par-
ticular, the limited time available to complete exams caught many students
off guard, as the temporal demands of exam problems were much greater
than those of introductory problems given in class. Because instructors were
reluctant to give up the introductory problems, however, it became appar-
ent that a new in-class activity was needed to make students aware of the
stressors present during an exam that may not be present during a leisurely
class session or during studies at home (for more information on the unique
exam format of CHEM 332, see Chapter 5). P3s were developed to address
this need.
The design of the activity itself was relatively simple. To solve prob-
lems both in and out of class, students made heavy use of ACE Organic,
a problem-solving website that facilitates the drawing and evaluation of or-
ganic structures and mechanisms.21 A dedicated collection was created in
ACE Organic for P3 problems to differentiate them from other problems
that students solve throughout the course, including the introductory prob-
lems mentioned previously. During the last five to ten minutes of each class
session, a P3 assignment containing a single question was made visible to
students within the P3 collection. The due time for this assignment was set
at the end of class, and students were asked to work on the problem individ-
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ually. Similar to the format of the exam itself, students received immediate
feedback and could attempt the P3 as many times as they wanted in the time
provided. Credit awarded for a correct answer dependend on the number of
attempts necessary to reach a correct response: three points for a correct re-
sponse on the first attempt, two for a correct response on the second attempt,
and one for a correct response on any attempt thereafter. Multiple versions
of problems were presented to different students to discourage collusion be-
tween students. Problems asked students to draw structures or mechanisms,
fill in blanks in text passages, or rank structures (for example, by reactivity).
Many of the problems were based on primary literature articles, a practice
with demonstrable benefits to learning.76
The P3 replay aspect of the activity involved the student recording a video
of her computer screen either during administration of the P3 in class or after
class when the problem was placed in a freely available archive of P3s. In
the former case, which I have termed “metacognitive replays,” the student
returned to her video recording later and dubbed over it with a “play-by-
play” of her thought process (or at least what the student could recall of that
thought process) at the time the P3 was administered in class. In the latter
case the student simply revisited the problem in the archive after class, com-
bining video recording with audio. This second type of replays, which came to
dominate submissions, I have termed “tutorial replays” because while some
of them do touch on thought processes during the in-class problem-solving
exercise, many of them took on a quality of solution guides or tutorials for
the P3s. Students used free screencasting programs or websites to record and
upload their videos to the web.136,137
4.3 Design of the Associated Website
Students intially submitted P3 replay videos through a website that allowed
course instructors to view, rate, and tag screencasts. Figure 4.1 illustrates
the general process. After (tutorial mode) or while (metacognitive mode)
completing the P3 during discussion, students recorded a video using screen-
casting software. The software facilitated uploading to the World Wide Web
on sites such as YouTube or Screencast.com (we incentivized video submis-
sion by offering 1 point of extra credit per submission). After uploading,
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Figure 4.1: Student workflow for recording and submitting P3 replays.
students submitted a URL pointing to their videos to our repository website,
which logged information about the date of submission and the associated
class session of the video. Finally, instructors rated and tagged submitted
screencasts and placed three to five exemplary videos on the course wiki site,
and these high-quality videos earned 2 additional extra credit points. Stu-
dents had access to all of their submitted URLs in the repository throughout
the semester, allowing them to revisit how they solved old problems when
studying for exams.
Watching and rating videos proved a significant drain on the time and
energy of instructors. As a consequence, the repository website was later
redesigned to enable rating by students. The workflow for the redesigned
site is the same through the first three steps: students record videos during
or after class, and submit URLs pointing to their recordings in the repos-
itory. Instead of having immediate access to their own submitted videos,
when students select a lesson to review, they are presented with a random,
anonymous screencast. After viewing the video, students are asked to rate
its quality, at which point the student’s rating is incorporated into a run-
ning average rating, calculated using the sum of all ratings divided by the
total number of raters. The frequency of appearance of a particular video is
proportional to its average rating, such that poorly rated videos are shown
less often than highly rated ones. Newly submitted videos enter the system
with an initial rating of 3/5 and an initial rating count of 1. This new design
eliminates the need for the instructor to rigorously watch and post videos,
as high-quality, student-approved videos are automatically shown more of-
ten to users. Additional tracking functionality was also introduced in the
redesigned repository to gather information about number of views and rat-
ings by students over time; however, data has not yet been collected from
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the redesigned repository.
4.4 Methods
The P3 replay activity as described in this chapter was carried out over
three semesters in CHEM 332. At the outset of each semester, students
were given a baseline SALG survey that inquired about pre-existing ability
levels. Students were permitted to upload videos to the repository following
the first examination of each semester. The repository stored the date and
time of submission, the class session associated with the video, the URL
of the video itself, and instructors’ ratings of the quality of the video. At
the end of the semester, students completed a post-semester SALG survey
that included items addressing P3s and the P3 replay activity (among other
things). Subsequent analysis focused on submission patterns over time, the
relationship between performance and participation, and reported learning
gains.
4.5 Results & Discussion
Figure 4.2 shows the number of submitted screencasts over time during the
summer of 2011. A few notable patterns can be discerned from this graph.
The first large spike corresponds to the first weekend following introduction
of the activity in class. In general, replay submissions peaked on weekends
and were minimal in the middle of the week. Subsequent spikes occurred
on the weekends before the midterms and final exam. The observed lack of
regular submissions is somewhat concerning, as the metacognitive usefulness
of the activity likely decreases with time (see below). In later semesters,
regularity of submissions increased slightly (Figure 4.3). Students in later
semesters also reported greater familiarity with the activity and fewer tech-
nical obstacles to recording screencasts, which likely explain the increase in
regularity. Furthermore, patterns in replay submissions were consistent with
other patterns of usage of online materials, such as webcasts.
A correlation between total points earned and number of replays submitted
was essentially nonexistent (Figure 4.4). This result indicates that students
of all ability levels recorded screencasts; however, the videos of higher per-
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Figure 4.2: P3 replay submissions over time for the summer 2011 semester.
Figure 4.3: P3 replay submissions over time for the spring 2012 semester.
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Figure 4.4: Total points versus replays submitted for all semesters
combined (participants only).
forming students were consistently judged as higher quality by instructional
staff and were more often posted to the course wiki site. Unposted videos
were available to the students that recorded them, but not to the class at
large. Analysis of each semester separately (accounting for the fact that the
mean of total points may vary across semesters) did not reveal any correlation
between performance and number of replays submitted. However, when the
relationship between performance and mere participation in the P3 replay
activity was examined, a significant difference in performance was revealed
between those who participated and those who did not. A two-tailed t test
assuming homoscedascicity showed a significant difference in performance of
the two groups (p = 1.2 × 10−8). These results argue against the P3 replay
activity as the cause of greater performance, but does support the idea that
recorded screencasts represent relatively high-quality work. Consequently,
a replay submission/viewing site that relies on student ratings and views is
likely to be successful (i.e., facilitate the diffusion of knowledge and problem-
solving strategies through the student population) provided that a broad
sample of the student population watches and rates videos.
Results pertaining to the P3 activity from Student Assessment of Learning
Gains (SALG) surveys indicate some cause for concern. Internal comparisons
between reported mean learning gains can be used as a measure of the general
contributions of a particular activity toward learning (see Chapter 2). Stu-
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Figure 4.5: Learning gains from the P3 replay activity compared to staple
course activities.
dents generally reported lower learning gains due to preparing and watching
P3 replay videos than those due to “staple” course tasks such as watching
videos and completing problem sets. Students consistently rated P3 replays
less helpful than videos prepared by instructors, and only in the fall 2011
semester did students rate P3 replays as more helpful than solving problems.
These results indicate a clear need to increase the perceived utility of the P3
replay activity, particularly in light of the time and effort required on the
student’s part to begin recording and submitting screencasts. Some ideas for
improvement are provided in the final section of this chapter.
From a metacognitive perspective, replays recorded after a critical period
of a day or two may be less useful for the student than those recorded at the
moment of problem solving or shortly thereafter. After the student’s memory
of her problem-solving process has faded, screencasts become more mechan-
ical solution guides than metacognitive reflections. Metacognition becomes
impossible without a direct record or memory of the steps one took to solve
a problem. For this reason, the spikes observed in replay submissions each
weekend are concerning. Although metacognition is probably necessary to
describe one’s thought process while solving a problem at any point in time,
waiting to do so in a low-pressure situation (e.g., at the student’s convenience
on a weekend) decreases the likelihood of diagnosing and correcting errors
in the thought process. Anecdotally, a number of cognitive errors appeared
in tutorial-style videos that may have been caught had the student critically
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analyzed her thought process just after addressing a P3 in class.
The observed lack of any correlation between performance and number of
videos submitted is unsurprising, given that the activity was incentivized (ex-
tra points were offered for submitted videos). In a sense, this result indicates
that the activity was equally accessible to both high- and low-performing
students. There was a stark difference, however, between participants and
non-participants. Participants performed significantly better in the course
than non-participants. As previously described, this result portends good
things for a self-sustaining, student-moderated repository for replays. Those
students with a strong interest in performing well in the course will likely
be the primary content creators, and they will spread knowledge to lower-
performing students provided the latter view and rate videos. To work well,
such a system would require tight integration between the repository and
the website used for problem-solving—the problem-by-problem integration
described in Chapter 3 for a peer-tutoring marketplace could serve as a use-
ful starting point.
Reported learning gains from the activity were relatively low, pointing to
a need for improvement. However, moderate participation in the activity,
particularly on the video recording side, does help explain this result. As
shown in Table 4.1, among survey participants, students who self-reported
recording five or more P3 replays reported significantly higher learning gains
(p = 0.029 when all three semesters were pooled into a single sample) than
those who recorded four or less. Dividing students into recorders and non-
recorders did not produce a significant difference in reported gains, indicating
that an investment in multiple screencasts was necessary to reap useful ben-
efits to learning. Future development of this activity should thus be focused
on encouraging participation, but the use of additional incentives is still not
advisable. Instead, focus should be placed on the potential metacognitive
benefits of the activity. Among other things, P3 replays help students diag-
nose common errors, clarify their thought processes through verbalization,
and consider alternative approaches to complex problems. Each of these be-
haviors can be observed in a large number of P3 replay videos, even those
primarily written as “solution guides.”
67
Semester Gains of Recorders Gains of Non-recorders
Summer 2011 4.22± 0.24 (N = 5) 2.83± 0.21 (N = 27)
Fall 2011 4.31± 0.27 (N = 26) 3.17± 0.29 (N = 107)
Spring 2012 4.16± 0.31 (N = 33) 3.02± 0.22 (N = 142)
Table 4.1: Learning gains due to P3 replays reported by recorders and
non-recorders.
4.6 Conclusions & Future Directions
The development of metacognitive skills in students is both an important
and emerging goal embedded in modern chemistry curricula. This chapter
describes the design, implementation, and evaluation of an activity designed
to promote metacognition that involved intense student problem solving at
the end of class accompanied or followed by recording of screencasts. Dur-
ing the last five to ten minutes of class, students solved a randomly selected
problem in ACE Organic relevant to the last class period. These problems
were comparable to exam problems in difficulty and presented students with
a challenging, time-sensitive task relevant to recent course material. Stu-
dents could start screencasting software on their computers, which would
capture the options they selected and/or structures they drew in real time.
Students could then later dub over this silent recording with commentary
on their thought processes at the time. Alternatively, students could record
screencasts with audio after class in a “tutorial” mode, describing a successful
method for solving the problem. Aside from the simple benefits of increased
attendence in class (due to incentivization of solving problems correctly) and
student facility with the problem-solving software used for the course, the
P3 activity presented some benefits to learning among participants. Some
preliminary evidence indicates that, at least among invested participants,
recording screencasts of problem solving promotes learning by encouraging
metacognitive behaviors in students.
A fairly small number of students participated in screencasting voluntarily,
and a number of recommendations come to mind to remedy this issue. With-
out sufficient prompting, the purpose and outcomes associated with active
learning activities may be lost on students. Such prompting could take the
form of good and bad examples of videos, a list of effective behaviors (such
as pointing out errors associated with an incorrect approach), or videos pre-
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pared by instructors. More concrete instructions for recording are probably
also necessary to help students surmount technical hurdles—although in-
structions were provided in an email announcement to the class, particiption
would likely benefit from permanent instructions on a course website (or
better yet, on the repository website itself).
Placing screencasting at the center of the classroom experience is a com-
pelling but unexplored possibility—how could student screencasts be used as
learning objects in the chemistry classroom? As an analogy, consider how
student writing is often used in composition courses. Many instructors use
samples of writing by former students to illustrate concrete characteristics
of good and bad writing. Replacing a writing sample with a video seems
straightforward, particularly if the video author is a former student who has
given the instructor permission to use her work. How current students would
respond to use of their videos in the classroom remains an open question. To
the extent that complete anonymity is difficult through a video medium, a
harsh critique of a student’s video could result in demotivation of the student
(or other students frightened of retribution).138 On the other hand, students
may value constructive feedback from the instructor and their classmates,
and positive comments could lead to increased student motivation. It is evi-
dent that to use student-generated videos well in the classroom, instructors
must tread lightly to ensure that constructive criticism and encouragement
do not cross over into petty judgment and head-patting. Having students
critique one another’s work is another possibility, and this practice finds
analogy in calibrated peer review of student writing.139
Having recognized that a more central role for student videos and greater
exposure to a variety of videos would improve participation in the activity
described in this chapter, I set out to redesign the repository website used
by students to submit, watch, and rate screencasts. The new site, which has
been designed and coded but not yet evaluated, has two important innova-
tions over the previous site. Firstly, students are able to rate one another’s
videos to maintain a crowdsourced, self-sustaining collection of useful media.
When a student selects a lesson on which she needs help, a random screen-
cast associated with that lesson is shown. The average rating of a particular
screencast is directly related to its likelihood of being shown to the student
(essentially, the choice of video displayed works like a lottery in which more
highly rated videos have more “slips of paper in the hat”). This design makes
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students themselves—both viewers and content creators—responsible for the
quality of their content. Although the proposition remains untested, using
this system is likely to improve participation in the activity. Simple compar-
ison to past instances of the activity or split-section studies in which the two
repositories are used simultaneously would shed light on the effectiveness of
the new site.
The content of videos also warrants greater exploration. Anecdotally, al-
though regular participants report greater learning gains than non-participants,
metacognitive behaviors (such as diagnosing one’s own errors and consider-
ing alternative approaches to a problem) were relatively rare in screencasts.
Evidently, students need instructions and prompting to challenge their own
thought processes—this is particularly true when an approach that is flawed
conceptually leads nonetheless to the “correct” answer on a particular prob-
lem. Future qualitative studies of video content could focus on identifying
metacognitive behaviors using an existing framework for metacognition, such
as that of Schraw & Moshman.140 Such studies would have the dual benefits
of identifying examples of screencasting behaviors for students to emulate
or avoid, and revealing more broadly useful metacognitive strategies for stu-
dents of organic chemistry in general.
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Chapter 5
Studies of Computer-based
Organic Chemistry
Examinations
5.1 Introduction
Studies addressing the construction and evaluation of examinations have a
long, rich history in chemical education. As early as 1938, it was recog-
nized that validation of an exam requires detailed inquiry into the character
of students’ responses, and that instructors in large courses faced an insur-
mountable logistical problem with respect this kind of analysis.141 Nonethe-
less, anecdotal accounts of “good” and “bad” examinations in chemistry have
appeared over the years, and have informed many chemistry teachers’ intu-
itions about the qualities of effective exam items. Although small qualitative
studies of students’ responses on exams have provided some useful insight
for chemical educators,142 many past accounts in this field rely on shallow
analyses—some do not take students’ responses into account at all.143 The re-
sult is a weak understanding of the features of effective practical assessments
in chemistry. Instead of addressing examinations directly, most modern-day
researchers study problem solving in a “laboratory” setting, a low-stakes en-
vironment in which an individual student solves a small number of problems
while engaged in a think-aloud session or other monitoring technique.130,144
The practice of using exams as measures of learning, although ubiquitous,
presents a number of serious problems. Despite a dearth of research on ex-
aminations per se, scholars of chemical education continue to use (and abuse)
exams to measure student learning, with little to no reflection on the valid-
ity of their assessments. Seen in this light, most studies of the effectiveness
of instructional interventions that employ exam scores as dependent vari-
ables appear to lack rigor.145,146 At the very least, authors of these studies
do a poor job of considering alternative explanations for their observed ef-
fects on exam scores. The intrinsic validity of the classical examination as
a measure of competency has even been called into question in recent years.
71
Modern-day professionals require an extensive, diverse skill set, and solving
rigidly graded exam problems seems an unproductive use of students’ and
instructors’ mental energy. Advocates for reform, such as the authentic as-
sessment movement,147 encourage assessment designs that place students in
situations they will face as professionals, to assess both content knowledge
and professional competency. Insofar as assessment is a central aspect of
course design, assessment reforms often demand the complete re-tooling of
a course.148 Hence, meaningful assessment reform has predictably met resis-
tance!
Advances in both technology and statistics, achieved in the last twenty
years, have made possible the kind of large-scale administration and evalua-
tion of assessments inconceivable to chemical educators of the past. Multiple-
choice examinations taken by thousands of students can now be subjected to
statistical analysis with ease, from a personal computer. Although unrelated
to chemical education at first glance, the development of a variety of seman-
tically rich, machine-readable file formats for encoding chemical structure
on a computer has provided an unprecedented opportunity for assessment
reform in chemistry. The modern student can practice problems involving
chemical structure drawing—and receive immediate feedback—from her own
computer using problem-solving websites such as ACE Organic.21,149 Benefits
to the student in the form of additional practice and feedback are accompa-
nied by benefits to the instructor and researcher, who gain the ability to
study student response patterns, usage, and misconceptions.
Recent progress in test theory has produced statistical tools that allow
researchers to analyze bulk computational assessment data in a meaningful
way. Specifically, the philosophy and mathematics of item response theory
(IRT) are useful for researchers studying the effectiveness of test items and/or
the ability levels of students taking a test.150 Although a more thorough
review of the mathematics of item response theory is provided below, a brief
introduction to the subject is in order here. The central assumption of item
response theory is that a person’s performance on a test1 is a reflection of her
latent ability level or person parameter θ (a single scalar value) and variables
associated with the items on the test, captured by a series of item parameters
δ1, δ2, ..., δN .
2 Item and person parameters are placed on the same scale. The
1The terms test and instrument are used interchangeably below.
2Note that some IRT models incorporate more than one parameter per item.
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probability that person i answers problem j correctly is a function of θi and
δj (Equation 5.1). Intuitively, this probability value reflects the distance
between δj and θi and their relative positions on the scale. The functional
relation between the probability of success on an item and the person and
item parameters of an IRT model is called the model’s item response function.
p(i, j) = f(θi, δj) (5.1)
A large body of empirical data relating persons’ standardized test scores
to probabilities of answering items correctly provides support for the form
of the item response function (vide infra). In practice, we are interested in
using an i×j matrix of observed item scores to calculate the item and person
parameters that maximize the likelihood of the observed matrix. Iterative
procedures for calculating IRT model parameters involve alternating estima-
tion of person and item parameters until a maximum value for likelihood of
the parameters is reached.
The remainder of this chapter describes the application of item response
theory to a unique format for organic chemistry examinations. A very re-
cent study has applied a similar methodology to investigate the utility of
applying cognitive load theory to the item-writing process.151 The present
work exposes some aspects of problems that cause students difficulty, and
also illuminates effective items that are both appropriate to student ability
levels and discriminatory between students with low and high ability. The
large sample size of the course under study and the uncommon format of
its examinations provided an interesting opportunity to apply item response
theory in a novel context.
5.2 Format of Examinations
Examinations for the course under study are taken by students in campus
computer labs, using an authenticated website. When an exam commences,
students sign in to the website and enter an IP-address-restricted “course” for
the exam. A single assignment within this course contains a set of problems
to complete. These problems are written by instructional staff using a variety
of problem types, which are collected in Table 5.1.
After a student constructs her response on a problem, she clicks a “Sub-
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Problem Format Description
Skeletal Structure Draw a Lewis structure using MarvinSketch.
Mapping Map atoms on a given structure, or provide a
structure and add mapped atoms to it.
Fill in the Blank Select choices from a series of dropdown
menus inline with the text of the problem.
Multiple Choice Select one or more answer choices from a list
containing text and/or structures.
Mechanisms Draw a reasonable mechanism for a given
transformation including starting materials,
intermediates, products and curved arrows.
Numeric Provide a numeric response.
Ranking & Ordering Place the given text and/or structures in the
appropriate order.
Table 5.1: Problem types used for examinations in ACE Organic.
mit Response” button to send her response to the ACE Organic server for
evaluation. The server returns a response of “correct” or “incorrect” imme-
diately, but if the sent response is incorrect, the student is given little to no
indication of what aspects of her response are incorrect. The student is given
an unlimited number of attempts to reach a correct answer for the problem,
but the number of points awarded for a correct attempt decreases by one
for each incorrect attempt. This decrease continues down to a point called
the “residual-point level,” such that residual points are awarded for a correct
response, no matter the number of incorrect attempts submitted before that
response (Figure 5.1).
Students may use their notes and the Internet during the exam, as prob-
lems are either based on primary literature articles lacking direct answers
or crafted to prevent tracking down answers via web search. The ACE Or-
ganic interface for a problem requiring a skeletal structure is shown in Fig-
ure 5.2. After two hours (midterms) or three hours (final exams), students
are instructed to sign out of ACE Organic and their computers. The course
containing the exam problems is then closed until exam scores are calculated
and released.
Information about each submitted response is saved in a database on the
ACE Organic server. I will refer to these records subsequently as “response
logs.” Each record in the database includes the time, date, and IP address
associated with the submission, the name of the submitting student, the
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Figure 5.1: Points earned for a correct response as a function of attempt
number for a problem worth 12 points and 7 residual points.
problem number and attempt number, and the structural content of the re-
sponse in machine-readable form. Structures and mechanisms are encoded in
the MRV format, and responses to other question types are encoded as easily
parsed strings of text. All of this information may be exported to an Ex-
cel spreadsheet, and correlations with the ACE Organic grade book (which
includes attempt and correctness information) permit the assignment of cor-
rectness to each submission. The full collection of response logs associated
with an exam forms a considerable trove of data amenable to IRT analysis
and chemoinformatic investigation.
5.3 Mathematical Background of Item
Response Theory
Item response theory shares its logical and conceptual basis with latent struc-
ture analysis, which posits that observable measures reflect a smaller number
of latent characteristics or “latent variables.” Specifically for IRT as it is ap-
plied to education, the latent variable can be thought of as intelligence or
ability and the observables as responses to dichotomous items on a test. Em-
pirical studies suggest that the relationship between latent intelligence and
75
Figure 5.2: The interface of ACE Organic for skeletal structure drawing.
the probability of answering an item correctly is not linear (as might be ex-
pected from classical test theory), but has the form of a sigmoidal curve.152
The cumulative distribution function of the logistic distribution is used as a
starting point for modeling this data (Equation 5.2).
p(θ, δ) =
ez
1 + ez
(5.2)
The variable z represents some function of the predictor variables θ and
δ, and there may be more than two predictor variables. The value of p(θ, δ)
increases as z increases; intuitively, the value of z should reflect the distance
between the person and item parameters on their common scale. As the
person’s latent ability increases far beyond the value of the item parameter,
the probability p should approach a value of 1. Thus, z can be imagined on
a first pass as the difference between the person and item parameters. The
model in Equation 5.3, which posits only person parameters and a single
parameter per item, is called the Rasch model.
p(θ, δ) =
e(θ−δ)
1 + e(θ−δ)
(5.3)
In practice, the steepness of the sigmoidal curve in the vicinity of p =
0.5 may vary across different tests or items. A second item parameter α,
commonly called discrimination, is related to this steepness. When it is
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Figure 5.3: Item response functions for items of varying discrimination with
δ = 2.5.
allowed to vary, a new model containing one additional parameter (beyond
the item and person parameters) results. Conceptually, α reflects how well
an item descriminates between persons with θ < δ and persons with θ > δ.
The steeper the item response function in the vicinity of p = 0.5, the better
the item descriminates between low- and high-ability persons (and the higher
α is). Figure 5.3 demonstrates this effect graphically.
Note that the case of α = 1 corresponds to the Rasch model. When
α is permitted to vary across tests, but all items on a particular test are
assigned the same α value, the resulting model is called the one-parameter
model (Equation 5.4). Person and item parameters, along with a single
discrimination parameter, fully characterize this model. Because the Rasch
and one-parameter models are mathematically equivalent, some authors use
the term “Rasch model” to refer to both the strict Rasch model and the
one-parameter model.
p(θi, δj) =
eα(θi−δj)
1 + eα(θi−δj)
(5.4)
When using either the Rasch or one-parameter models, the typical goal
is to construct an instrument that fits the model, or “fit the data to the
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model.” When data-model fit does not exist for these models, the data is at
fault, and re-tooling of the test is necessary. When a set of items on a test
fits one of these models well, α can be taken as an objective measure of the
discriminatory power of an item across different tests, and items with the
same α can be said to have the same discriminatory power independent of
their context. The same cannot be said for the α values of the two-parameter
model, which relaxes the requirement of a single α value for all items on
a test. Because of the method used to estimate parameters, the α values
of the two-parameter model depend on one another and are not, in a strict
sense, objective measures.150 p. 99 When using the two-parameter model, the
typical goal is to “fit the model to the data,” such that when data-model fit
does not exist, the model is to blame. The general form of the item response
function for the two-parameter model is shown in Equation 5.5.
p(θi, δj) =
eαj(θi−δj)
1 + eαj(θi−δj)
(5.5)
How are item and person parameters estimated for the Rasch, one-parameter,
and two-parameter models? Calculating the likelihood of an observed matrix
of item responses is straightforward when item and person parameters are
known (Equation 5.6). For a particular person i and a test of N items, the
product of the probabilities of the observed responses xj represents the over-
all likelihood of the response vector ~x. Dichotomous IRT treats responses as
either correct or incorrect: xj can take on a value of either 0 or 1. Dichoto-
mous IRT is employed in the present study because polytomous IRT (which
allows xj to take on more than two values) requires very large data sets.
p(~x|θ, α, ~δ) =
N∏
j=1
p
xj
j (1− pxjj ) (5.6)
The product of these likelihoods over all M persons corresponds to a global
likelihood value L for the entire response matrix. The natural logarithm of
L is more useful in a practical sense than L itself for the purpose of estimat-
ing item parameters (Equation 5.7). The item and person parameters that
maximize lnL are the most likely “true” parameters, and methods for param-
eter estimation—sensibly termed maximum likelihood parameter estimation
(MLPE) methods—have the goal of maximizing lnL.
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L =
M∏
i=1
N∏
j=1
p
xij
ij (1− pxijij ) (5.7a)
lnL =
M∑
i=1
N∑
j=1
[xij ln pij + (1− xij) ln(1− pij)] (5.7b)
Two procedures for MLPE are most popular, and statistical packages may
use either of these methods. The first, joint maximum likelihood estimation
(JMLE), begins with provisional estimates of person parameters (based, for
example, on number of responses correct with centering about the mean
score). Individual item parameters can be estimated by setting up likelihood
functions L(δj) for each item, then finding each δj such that L
′(δj) = 0 and
L′′(δj) < 0 (viz., L is maximized). The calculated item parameters are then
used to estimate person parameters: likelihood functions for each person
are set up and maximized in an analogous way. Item parameters are then
estimated again, and the new estimates result in higher likelihood than the
original estimates. This alternating procedure is repeated until the person
and item parameters converge and likelihood reaches an absolute maximum
value.
The second method, marginal maximum likelihood estimation (MMLE),
assumes a continuous population distribution of person parameters from the
outset. Item parameters are determined first with the distribution of per-
sons as a constant throughout. Specific person parameters are calculated
only after the item parameters are known. Employing a known continuous
distribution g(θ) of person parameters, one calculates the probability of an
observed response vector as an integral over the distribution. The global
likelihood L is the product of these integrals for all items (Equation 5.8).
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p(~x) =
∞∫
−∞
p(~x|θ)g(θ) dθ (5.8a)
L =
N∏
j=1
∞∫
−∞
p(~x|θ)g(θ) dθ (5.8b)
lnL =
N∑
j=1
ln
∞∫
−∞
p(~x|θ)g(θ) dθ (5.8c)
Definite integration removes θ from Equation 5.8c, making lnL solely a
function of the item parameters δj. Numerical integration approaches may be
used to determine the maximum value of lnL and its associated δj values.
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Estimates of person and item parameters derived from MLPE methods
provide intuitive, quantitative measures of students’ latent ability levels and
the difficulties of test items. This section has provided an introduction to the
mathematical models and estimation procedures of IRT; however, important
issues concerning the calculation of model-data fit and how to select a model
remain unaddressed. These issues will be taken up in Section 5.5 below.
5.4 Methods
The examination data for this study were collected over a one-year period
from January to December 2011. Students involved in the study had pre-
viously given their consent to participate according to Institutional Review
Board protocols. The same final exam was given to students in the spring,
summer, and fall of 2011 (N = 552) using the format described in Sec-
tion 5.2 above. A series of unpaired t-tests were carried out to verify that
there were no significant differences between the exam data obtained in the
spring, summer, and fall semesters.
Data reflecting students’ scores and numbers of attempts on each problem
were exported directly from ACE Organic to Excel spreadsheets. In a sim-
ilar manner, detailed response logs containing the information described in
Section 5.2 above were exported directly from ACE Organic to Excel spread-
sheets. Response logs were then processed in Microsoft Excel to remove IP
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address information and the content of the response itself. The time and
correctness of each response were calculated using simple formulas in Mi-
crosoft Excel, and these columns were appended to the processed response
logs. Finally, logs from different semesters were pooled into a single data set
for IRT analysis.
IRT calculations were carried out using R statistical software in conjunc-
tion with the ltm package.154 Data were initially treated as dichotomous (1
= correct; 0 = incorrect) and item and person parameters were calculated
for the pooled data set using both the one-parameter and two-parameter
models. To investigate the robustness of estimated parameters, completely
independent random subsamples (N = 250) were subjected to identical anal-
yses and the resulting parameters were compared to those estimated for the
entire sample. Random subsampling is one widely used method for assess-
ing model-data fit for item response theoretical models.150 Items associated
with notable parameters were investigated qualitatively upon completion of
all IRT analysis.
5.5 Results & Discussion
Table 5.2 contains calculated item parameters for the one-parameter model,
based on the entire final exam sample. Item 21 was omitted from the analysis
because the correct answer associated with the problem contained an error.
Figure 5.4 indicates a gradual increase in the difficulty of problems across
the exam—a gratifying result, considering our intention to build student
confidence early in the exam using easier problems.
To assess the reliability of item parameters based on the complete sample,
parameters for two independent, random subsamples (N = 250) were cal-
culated. Overlap between the two samples was permitted; Figure 5.5 plots
estimated item parameters for the complete sample and the random subsam-
ples together. Correspondence between the item parameters calculated for
the complete sample and random subsamples strongly supports the reliabil-
ity of the calculated item parameters. Put another way, repeated adminis-
tration of the same exam to a sample of students drawn from an identical
(presumably normal) population ought to produce nearly item parameters
not significantly different from those obtained in the course of this work.
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Item Difficulty (δ) Discrimination (α)
1 -2.94 1.69
2 -2.67 1.69
3 -2.28 1.69
4 -2.10 1.69
5 -2.89 1.69
6 -3.28 1.69
7 -1.78 1.69
8 -1.67 1.69
9 -1.79 1.69
10 -2.09 1.69
11 -1.53 1.69
12 -1.23 1.69
13 -1.08 1.69
14 -0.86 1.69
15 -1.76 1.69
16 -2.21 1.69
17 -1.74 1.69
18 0.48 1.69
19 -0.35 1.69
20 -1.58 1.69
22 2.41 1.69
23 -1.05 1.69
24 1.32 1.69
25 -1.04 1.69
Table 5.2: Item parameters for the one-parameter model based, on the
complete final exam sample.
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Figure 5.4: Difficulty parameters versus item number under the
one-parameter model, based on the complete final exam sample.
Figure 5.5: Difficulty parameters versus item number under the
one-parameter model, based on the complete final exam sample and two
random subsamples.
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Item Difficulty (δ) Discrimination (α)
1 -1.44 29.73
2 -1.41 29.91
3 -1.38 19.22
4 -1.36 5.24
5 -2.04 2.96
6 -3.13 1.64
7 -2.06 1.12
8 -1.52 1.74
9 -4.46 0.49
10 -2.44 1.19
11 -1.12 3.02
12 -0.86 3.61
13 -0.86 2.33
14 -0.64 2.84
15 -4.29 0.50
16 -1.79 2.12
17 -1.33 2.54
18 0.80 0.84
19 -0.43 0.98
20 -1.35 1.98
22 -0.83 2.33
23 2.67 1.48
24 1.21 2.41
25 -0.80 2.63
Table 5.3: Item parameters for the two-parameter model based, on the
complete final exam sample.
Analogous parameters for the two-parameter model are shown in Table 5.3.
Recall that in calculations for the two-parameter model, the discrimination
parameter α is allowed to vary. The discrimination parameter thus provides
a measure of the difference in performance of high- and low-ability students:
how well an item discriminates or distinguishes students whose ability levels
are above and below its difficulty parameter. Random overlapping subsam-
ples of N = 250 examinees were subjected to the same parameter estimation
procedure (as described above for the one-parameter model), and the result-
ing item parameters were found to be comparable to those calculated for the
full sample. As before, the conclusion is that the calculated item parameters
are reliable.
Comparison of Tables 5.3 and 5.2 reveals some interesting contrasts be-
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tween the two models. Discrimination parameters for items 1 and 2 were
extremely large relative to other α values; items 1 and 2 are also among the
easiest items according to the one-parameter model. Considerable variation
in some of the observed item parameters across models is also evident. In
particular, items 22 and 23 seem to exchange difficulties across the two mod-
els: one suggests that item 22 is much more difficult than item 23, while
the other model suggests the opposite. Perhaps unsurprisingly, the effects of
“clamping” α for the purposes of the one-parameter model are substantial.
The ideal choice of model to use for a given set of data depends on the
application of any of a number of procedures for assessing model-data fit.
Likelihood-based methods rely on the simple idea that the greater the col-
lective likelihood of the observed response matrix (i.e., the data), the better
the model. However, it should be noted that increasing the number of model
parameters inevitably leads to a rise in likelihood, since the number of de-
grees of freedom associated with the model increases when the number of
model parameters goes up. Expressed differently, as information entropy
decreases and a model becomes more ordered, large likelihood values be-
come less meaningful. The most widely accepted likelihood-based metrics
account for this effect by incorporating a penalty term related to the number
of independent model parameters. False positive or meaningless fit becomes
a very real problem as the number of model parameters increases. One can
draw a formidable analogy between these information metrics and free energy
in chemistry: the likelihood value resembles an “enthalpic” contribution to
model-data fit, while the number of model parameters reflects an “entropic”
contribution working in the opposite direction.
One information metric, Bayes information criterion (BIC), was used in the
present study to assess the relative quality of the estimated one- and two-
parameter models. BIC is closely related to the Akaike information criterion
(AIC), but the penalty applied by the BIC for additional model parameters
is greater than that applied by the AIC (i.e., it is a more strict measure).155
Hence, the BIC is more sensitive to overfitting by the model than the AIC.
The definition of BIC is provided in Equation 5.9, where L is the maximum
likelihood value described previously, k is the number of item parameters,
and n is the number of data points (the product of the number of persons
and the number of items). The second term on the right-hand side of the
equation reflects the penalty due to the number of model parameters.
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Model BIC Value
One-parameter 8102
Two-parameter 7927
Table 5.4: Values for Bayes information criterion (BIC) for the one- and
two-parameter models.
BIC = −2 lnL+ k lnn (5.9)
A smaller value of BIC indicates better model-data fit, since the likelihood
value and entropic penalty are both negated in the definition of BIC. Calcu-
lated values for the models from the present study are provided in Table 5.4.
The smaller BIC value for the two-parameter model indicates better model
data fit than the one-parameter model, in spite of the larger number of pa-
rameters in the two-parameter model. Because of its better model-data fit,
subsequent qualitative investigations centered on the two-parameter model.
Plotting estimated item and person parameters on the same axes allows
one to qualitatively investigate the relationship between the difficulty of the
set of items and the ability levels of examinees. Such a plot is shown for
the present data set in Figure 5.6. Item parameters are binned and plotted
in histogram form, while the smooth line for person parameters reflects a
non-parametric kernel density estimate derived from the much larger set of
person parameters. Essentially, the trace is a smoothed histogram of person
parameters that makes the graph easier to interpret visually.
Qualitatively, it appears that the difficulties of most items on the exam
under study actually undershoot the mean ability level of examinees. This
is problematic from a test-theoretical point of view, as an ideal exam—that
is, an exam that extracts the most information possible about examinees’ la-
tent ability levels—should possess item parameters distributed symmetrically
about (and fairly close to) the mean of person parameters. The items that
come closest to this ideal from the exam under study are numbers 18 and 24.
While these items may warrant some additional scrutiny, it is perhaps more
useful to consider first why items with extreme difficulty parameters ended
up as such.
As items that possess both low δ and low α parameters, items 9 and 15
stand out as problems that are both easy and provide little information about
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Figure 5.6: Graph of estimated item and person parameters based on the
two-parameter model.
ability level relative to other problems on the exam. Item 9 concerns frontier
molecular orbital theory and asks students to select the shapes of the HOMO
of fluorine and the LUMO of ethylene in an orbital interaction between the
two molecules.
9. Consider the FMOs represented by the curved arrows for
the reaction shown. The MOs of F2 are available here [on a linked
web page]. Using the FMO tool [on a second web page], identify
the MOs that produce a pi-type interaction between the HOMO
on F2 and the LUMO on ethylene. MO (a, b, c, d, e, f) on F2
combines with MO (g, -g, h, -h, i, -i, j, -j) on ethylene to produce
the desired filled-empty FMO interaction.
Examining the data, it becomes clear that nearly every student answered
this problem correctly. The guessability of the problem is high, as the relevant
HOMO and LUMO can be clearly extracted from the linked web page and
associated with the lettered orbital shapes. Even without the information
that the interaction ought to be pi-type, a student could easily identify the
two highest filled orbitals of fluorine and try them both. At least within the
format of exams in the present study, item 9 is far too simple to be useful.
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Item 15 exhibits characteristics similar to those of item 9. This problem
asks students to indicate the stereochemical course of enzyme-catalyzed elim-
ination and addition reactions based on the observed product upon reaction
of a deuterated, chiral non-racemic substrate.
15. Aminomutases catalyze the isomerization of α-amino
acids to β-amino acids. There is evidence that this process oc-
curs through a cis-cinnamate intermediate, as shown in Figure 1.
Based on this evidence...
• the stereochemistry of elimination is (syn, anti),
• the amino group attacks carbon 3 of cis-cinnamate from the
(Re, Si) face,
• and the stereochemistry of addition is (syn, anti).
Although this problem requires students to engage in significant visual pro-
cessing in theory, its present format is obviously guessable. In item-response-
theoretical terms, guessability decreases the amount of useful information
that could be gained from the problem to virtually nothing. Problems like
items 9 and 15 are often included in examinations to “pad grades” or verify
very basic understanding of content, but such padding problems add little
to the examination from a test theoretical point of view. To some degree an
awareness that students have a fundamental understanding of course material
is valuable; however, for a final examination whose purpose is to finely assess
student ability levels, such problems are about as useful as automatically
applied bonus points.
Without additional information about why students answered them in-
correctly, overly difficult problems are likewise of little value to instructors.
In these cases, the response vector across all students is nearly zero every-
where, making it difficult to assess the true difficulty of the problem and
the relationship of student ability levels to that difficulty—about all that is
known is that student ability levels are far below the difficult parameter of
the problem. One such example from the exam under present study was
item 23, which asked students to apply retrosynthesis to the product of an
enzyme-catalyzed aldol condensation.
23. One biosynthetic route to the DNA sugar D-2-deoxyribose-
5-phosphate (Figure 2) is accomplished by an aldolase enzyme
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that uses an enamine nucleophile derived from Lys 167. This nu-
cleophile reacts with an electrophile to generate 2-deoxyribose-
5-phosphate. Submit as your answer the structures of both the
enamine and the required electrophilic partner. Show stereochem-
istry as needed.
Only five percent (27 of 552) of the entire sample of students answered this
problem correctly. Hence, the only clear conclusion that can be drawn from
this problem and the data at hand is that δ23 is far above the vast majority
of student θ values. A cursory examination of incorrect attempts on this
problem indicated that students had difficulty identifying what the problem
was even asking for: some drew the enamine of lysine with the product, and
others did not draw an enamine at all, in spite of the ready availability of
this functional group (students were allowed to use notes during the examina-
tion). The intrinsic difficulty of retrosynthesis undoubtedly also contributed
to the difficulty of this problem, but a lack of clarity in the problems di-
rections was clearly discernable by examining incorrect responses submitted
by students. These results are consistent with a growing body of work on
computer-based assessments, which suggests that detailed instructions us-
ing clear language are an essential piece of useful computerized assessments
across a variety of fields.156 157 Although direct investigation of this issue is
almost never taken on ethical grounds, students and other users of comput-
erized assessments consistently cite clarity of language as a helpful aspect of
computerized assessments.
Lastly, a brief discussion of item 18 is warranted. The difficulty and dis-
crimination parameters for this item aligned well with mean student ability
levels in the present study. Item 18 is a fill-in-the-blank problem that presents
students with a series of choices related to crystal structures of transition-
state analogues in a phosphatase enzyme. Of the 552 students sampled, 205
answered this problem correctly.
18. Protein phosphatases remove phosphate groups from pro-
tein side chains. The overall reaction of protein tyrosine phos-
phatase (PTP) Is shown in Figure 1. Recently, researchers ob-
tained several crystal structures of the enzyme with a series of
ligands that describe its mechanism well. Fill in the blanks be-
low.
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Of the crystal structure excerpts in Figure 2, (a, b, c, d, e, f)
and (a, b, c, d, e, f) depict transition-state analogues. The phos-
phorus atom is acting as a(n) (electrophile, nucleophile) here, and
it exhibits (sp, sp2, sp3) hybridization in the reactive intermedi-
ates and (sp, sp2, sp3) hybridization in the transition states.
Although this question is in a sense a multiple-choice problem with non-
zero guessability, the number, variability, and complexity of its blanks are
sufficient to make this problem ideally difficult for the sample studied. Stu-
dents are first asked to interpret a series of structures to identify transition-
state analogues, then asked more fundamental questions about the role of
phosphorus in these structures. The item parameters obtained for this prob-
lem are reassuring in the sense that multiple-choice problems with small but
non-zero guessability may be used effectively in the exam format under study.
By comparison to item 9, however, one can see that overly simple multiple-
choice items will never be effective in this format from a theoretical point of
view.
5.6 Conclusions
Item response theory is relatively new to chemical education because of its
requirement of large sample sizes. Nonetheless, item response theory can be a
valuable lens through which educators and educational researchers can inves-
tigate the effectiveness of examinations, the impact of particular approaches
to writing exam items,151 and even the effectiveness of instructional interven-
tions aimed at improving student learning. The present chapter described an
item-response-theoretical approach to investigate the effectiveness of items
from a computerized exam with novel format.
One must take considerable care when applying item response theory to
ensure that the data do not violate the assumptions of IRT and that an
appropriate model is used. Information criteria, which are easily calculated
using the likelihood value obtained from item and person parameter estima-
tion, may be used to assess model-data fit when the goal is a high-entropy
but well fitting model. With a fitting model in hand, item parameters δj and
αj can be interpreted very simply as the difficulty of problem j and how well
the problem discriminates between students whose abilities are at or near its
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difficulty parameter.
The opportunity to attempt a problem multiple times and receive immedi-
ate feedback alters the exam-taking experience radically. Our group has ar-
gued in the past that the ability to diagnose one’s errors and correct course is
more relevant to real-world problem solving than the strategic (in a negative
sense) “test-taking ability” promoted by many examinations of the present
day.51 Drawing structures and proposing reaction mechanisms shift from ex-
ercises in memorization and superficial pattern recognition to directed activ-
ities driven by decision-making and educated guesswork. Despite its noble
philosophical foundations, this exam format will require prolonged scrutiny
and systematic optimization before its full potential can be realized. This
work begins that conversation by subjecting a large pool of data derived from
the format to theoretical analysis. Results obtained indicate that designing
problems with a particular eye on guessability is important, as problems
that are too guessable provide little to no information about student abil-
ity levels. Along the same lines, since problems can be attempted multiple
times, the exam writer must take special care to consider how student re-
sponses might evolve over multiple attempts, or how multiple attempts could
be used strategically to arrive at a correct response without an appropriate
amount of chemical thinking.
Future work in this area will involve the continued systematic investiga-
tion of the effectiveness of items in the multi-attempt, immediate-feedback
format. Examining how subtle but systematic changes in presentation affect
item parameters will provide insight into effective exam-writing practices,
as similar studies already have for more traditional multiple-choice formats.
Furthermore, these studies can be easily carried out using multiple versions of
a computerized exam administered on standardized machines in a standard
time frame. This exam format also warrants treatment using polytomous
IRT, which was originally developed for scale-based psychometric instru-
ments and examinations involving partial credit. In the present context,
polytomous IRT can be used to investigate the effect of number of attempts
(or, as a lower-dimesional proxy, number of points earned) on item difficulty
and discrimination. Unfortunately, polytomous IRT models contain a very
large number of variables and suffer from the information entropy problems
described above. As a result, very large datasets are required for useful
polytomous IRT analysis and goodness-of-fit metrics tend to be very strict.
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Chapter 6
A Novel Interface for the
Molecular Visualization
Program Jmol
6.1 Introduction
Visual/spatial skills are consistently identified as some of the most difficult
skills for the student of chemistry. However, particularly in organic chem-
istry education, the ability to think about molecules in three dimensions is
essential for a deep understanding of chemical phenomena. Stereochemistry
has been described as a perspective more than a distinct subfield of organic
chemistry,158 and students often ignore the stereochemical perspective while
solving problems without surface triggers that point to the relevance of stere-
ochemistry. Cognitive load theory159 can serve as a lens through which we
can understand this widespread phenomenon. A deep appreciation of stereo-
chemistry requires the chemist to mentally execute conformational changes,
molecular rotations, and translations. For novices, the cognitive load asso-
ciated with loading a three-dimensional structure into working memory and
subsequently manipulating the structure is enormous. Thus, students of or-
ganic chemistry may be reluctant to consider the third dimension because of
real or perceived limitations of their working memories. Without additional
aids, gaining sufficient visual/spatial skills to effortlessly think about stereo-
chemistry requires years of practice with mental manipulations of molecules.
Chemical educators have long been aware of impediments to learning and
applying stereochemistry, and a variety of tools and activities have been de-
veloped to simplify the manipulation of molecules in three dimensions. The
first of these were physical molecular model kits, which contained balls and
sticks that could be connected to one another to build organic molecules
with appropriate bond orders and geometries. Interestingly, the emergence
of molecular model kits predates much of the formal development of organic
stereochemistry, and early applications focused on homology, isomerism, and
the simple classification of compounds by functional group. Molecular models
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were adopted later as resources for the teaching and learning of stereochem-
istry.
As technology developed, computational chemists became interested in
modeling molecular structure on computers. Computational models were
less clumsy than physical models and could (in a practical sense) be far
larger. Although the earliest computational chemistry programs relied on
mathematical descriptions of structure, graphical tools for drawing and ma-
nipulating structures rapidly emerged once graphical user interfaces became
widely available. One study comparing the effectiveness of computational
molecular models with that of physical molecular models suggests that the
former can be even more effective than the latter when given to students in
the course of problem solving.160 Standalone computational tools for manip-
ulating chemical structures in three dimensions tend to focus on particular
types of manipulations, or organizational schemes that emphasize similarities
between three-dimensional structures. For example, symmetry is a popular
subject of computational modeling tools for education. The symmetry op-
erations are showcased in interactive models that the student can rotate,
translate, and zoom to view a single operation from multiple perspectives.
The ability to think and work in three dimensions will only become more
important as modern chemists shift their focus to longer length scales and
supramolecular chemistry. For example, although non-covalent interactions
can be understood in isolation without the help of three-dimensional models,
studying the effects of non-covalent interactions in relatively large polymers
or supramolecular assemblies (such as proteins) is severely limited without
interactive models. Methods in enzymology have been transformed by the
introduction of x-ray crystallography and the ability of researchers to explore
enzymatic active sites in three dimensions. Appreciation of receptor-ligand
interactions from a stereochemical point of view requires either phenomenal
spatial ability or efficient computational tools for exploring three-dimensional
structure. While conformational analysis of single molecules can be accom-
plished without the aid of a computer, similar analyses of dimeric or larger
assemblies more or less require computational assistance. All of these exam-
ples point to the importance of computational modeling in supplementing
the visual/spatial abilities of the modern chemist.
Despite the central role of computational molecular models in many fields
of modern chemistry, they often remain underappreciated in the organic
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chemistry classroom. Computational models accompanying textbooks may
be ignored outright or halfheartedly mentioned in passing during a lecture.
Stereochemistry is commonly taught by an instructor using molecular mod-
els (or some analogous device whose spatial properties are emphasized, such
as the hands161), but students typically have little occasion to actually build
models on their own. Part of the problem is the clumsy, limited nature of
physical model kits. Another aspect of the issue is limited student access to
computational modeling tools, but recent developments in openly available
technology—including the tool described in this chapter—suggest that access
to computational modeling tools for education is improving.
This chapter describes the design and development of a tool for build-
ing, styling, and manipulating computational molecular models based on the
open-source program Jmol. Because it is a web application that involves
molecular modeling via the Internet, I now call the tool “NetMol.”162 It was
originally developed to supplement a term-long project involving bio-organic
reaction mechanisms (see Chapter 2), but has since been used to create vi-
sualizations for online readings and problems. NetMol has undergone a se-
ries of significant changes over the course of two years, but the evolution of
its design suggests a useful approach for thinking about the experience of
student users and how to design educational technologies for learning. In
this sense, I believe that the evolution of NetMol provides a valuable case
study in educational software development. Two activities relying on the tool
and pertaining to enzymology were developed for a second-semester organic
chemistry course and are described herein.
6.2 J(S)mol: Background & Brief History
The open-source molecular visualization program Jmol is one of the most
widely used technologies for the display of interactive molecular models on
the World Wide Web. As of 2013, it is used as the primary three-dimensional
visualization software behind the Protein Data Bank73 and the PubChem
project,72 among many others. Jmol’s light footprint and powerful script-
ing language make it suitable for applications in which complex molecular
visualizations are needed on the Internet. This section briefly traces the
history and key features of Jmol. Insofar as NetMol relies on and extends
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Jmol, an awareness of the capabilities and limitations of Jmol is important
for understanding why NetMol is a useful extension of an existing tool.
The development of Jmol is representative of broader trends in scientific
software development. Before software developers could communicate and
coordinate via the Internet, scientific software was mostly built for a single
platform and “monolithic,” capable of accomplishing a large number of tasks
that would appeal to a substantial user base. This situation changed in
the late 1990s with the proliferation of the Internet and open-source culture.
Many in the scientific programming community enthusiastically embraced the
chance to work with a global set of collaborators on shared code, informed
by an active user base communicating with developers via electronic mail.
Jmol is no exception—although it began as a replacement for the closed-
source program XMol, its early developers quickly embraced an open-source
paradigm for development that continues to the present day.5
Jmol was inspired by RasMol, an earlier program that focused on the
display of biomolecules.163 Early features of Jmol thus included the ability
to display biological polymers (proteins and nucleic acids) in both ball-and-
stick and “cartoon” formats. Models can be rotated by clicking and dragging
the mouse and zoomed using click-and-drag in combination with the Shift
key. Other mouse actions facilitate translation, directional rotations, atom
selection, and distance/angle measurement.
The most powerful feature of Jmol, and the one which has been most vig-
orously developed, is its internal scripting language. Both the Jmol desktop
application and Java applet include a dedicated console that accepts script-
ing commands. These commands may select atoms in the model and alter
their properties, or affect the properties of the Jmol window itself (such as the
camera angle). Several of Jmol’s scripting commands were inherited from the
RasMol scripting language, which included a rich set of commands for writ-
ing programs. Conditional statements, loops, and other constructs associated
with full-featured programming languages are available in both RasMol and
Jmol. Using the Javascript API associated with the Jmol Java applet, but-
tons, dropdown menus, and other inputs can be associated with sequences of
commands, allowing applets to be highly dynamic and interactive. Despite
the power of the Jmol scripting language, its rather steep learning curve
represents a significant barrier to entry for educators and “armchair” com-
putational chemists. One of the key goals of NetMol is lowering this learning
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curve by encoding commands in buttons and other controls in an intuitive
user interface. Other projects, such as the bio-organic wiki Proteopedia,164
have embraced a similar philosophy. Proteopedia editors, for example, can
create dynamic “scenes” in Jmol applets with minimal knowledge of the Jmol
scripting language.
Since its inception, Jmol has been written in the Java programming lan-
guage. Jmol is available both as a standalone desktop application and as a
Java applet, an embedded program running within a web page. Because of
concerns about the security of Java applets in modern web browsers, Java
has fallen out of favor with web programmers in recent months. Javascript
(unrelated to Java, despite unfortunate overlap in their names) has become
the de facto web programming language, and applets relying on Java are be-
ing replaced by web applications or small programs written in Javascript and
HTML (HyperText Markup Language) 5. A version of Jmol written com-
pletely in Javascript and HTML 5 (“JSmol”), generated via cross-compilation
of Jmol’s Java code to Javascript, has recently become available. Although
JSmol has not yet replaced the Java-based Jmol for large-scale applications
like the Protein Data Bank and Proteopedia, JSmol is used by default in
NetMol. The feature sets of Jmol and JSmol are identical.
Future prospects for Jmol are somewhat unclear, as the software is devel-
oped by a loose set of collaborators that respond rapidly to users’ needs. The
number of file formats read by Jmol and the complexity of reading mecha-
nisms continue to increase. More projects will likely adopt JSmol in the
near future as OS-level support for Java fades and the performance of JS-
mol increases. The user base of Jmol is also likely to expand in the future.
For instance, JSmol is an appealing platform for the delivery of interactive
computational models in primary literature articles, but this practice has not
yet seen widespread adoption (uncertainty in the future of Java is partly to
blame).
6.3 Design & Features of NetMol
NetMol is a tool for the display and manipulation of computational models.
The fundamental advance of NetMol over the JSmol applet itself is its user
interface, which folds a number of common command sequences and work-
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Figure 6.1: Conceptual organization of the NetMol JSmol interface.
flows into buttons, text fields, and other HTML input elements. The user
interacts with these inputs to load models or make changes to the currently
displayed model. Because the Jmol scripting language includes over fifty
different reserved words for commands, including them all in a single web-
based interface would lead to severe usability problems. Other interfaces,
such as the J-ICE interface for crystallographic structures, have addressed
this problem by organizing sets of related inputs into dedicated panels.165
NetMol embraces a similar approach (Figure 6.1). Input elements are asso-
ciated with Jmol scripting commands and organized into panels, which can
be accessed using a menu bar at the top of the interface. Jmol scripting
commands are only exposed to the user on an optional Console panel; model
loading and manipulation can be accomplished without the need to ever learn
a command.
Although organization into panels likely improves the user experience over
a bare applet, paneled tools are limited because they target a specific appli-
cation and a particular set of users. J-ICE, for example, makes tasks related
to crystallography simple and straightforward at the expense of other useful
workflows. To some extent any paneled interface will suffer from this prob-
lem, but a paneled user interface for Jmol with broad appeal is not available
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Menu Menu Option/Panel
File Load by URL
Load by PDB ID
Load by Compound Name
Save JMOL
Save MOL
Save PNG
Save JPEG
Create Small Molecule
Embedded Applet
My Files
Custom Panels
Select
Explore Translate/Rotate
Structural Info
Style Ball & Stick
Color
Display/Hide
Proteins
Text
Draw Arrows & Shapes
Orbitals
Hydrogen Bonds
Ramachandran Plot
Script Console
Parameters
History
Table 6.1: Default collection of panels in the NetMol JSmol interface.
at present. NetMol seeks to fill this gap. In addition to including a broad
feature set in its available panels (Table 6.1), NetMol has a “Custom Panels”
feature, which allows registered users to create panels with input elements
that suit specific needs. Custom sequences of commands can be encoded in
buttons and saved in a panel available only to the user that created it. The
contents of custom panels can also be packed and embedded with a JSmol
image, so that a user interacting with an embedded image on another website
can perform useful scripting commands simply by clicking buttons below the
JSmol window. I have dubbed these button-enhanced applets “active ap-
plets,” and they figure prominently into the wiki-based project described in
Chapter 2 of this work.
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Figure 6.2: Screenshot and important features of the NetMol JSmol
interface.
The interface includes both a menu bar and an “action bar.” The action
bar contains a series of buttons that encode very common, universal tasks
in JSmol. These include options to anti-alias the display, change the set
of atoms selected when the user clicks in the JSmol window, point out the
currently selected set of atoms and the current camera orientation, save and
share a completed image elsewhere on the Internet,166 and select all or none
of the currently displayed atoms. Atom selection is a necessary prerequisite
for almost any workflow in JSmol; including selection modes in a universally
available bar thus makes sense. NetMol also includes a search field at the top
of the application that uses a typeahead to list panels and workflows available
in the interface. Selecting an option via search sends the user directly to the
desired panel or feature.
NetMol users can register for dedicated accounts on the site. Accounts are
associated with saved models that can be retrieved later with all previous
manipulations (color changes, labeling, etc.) re-applied upon loading. Saved
images can be embedded through iframe tags wherever HTML is accepted.
User accounts are also associated with the Custom Panels feature described
above. Figure 6.2 illustrates the most important features of the NetMol
JSmol interface in a screenshot. One example of a panel in the interface,
the Select panel for picking and highlighting groups of atoms, is shown in
Figure 6.3.
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Figure 6.3: The Select panel of the NetMol JSmol interface.
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Figure 6.4: Command history is hyperlinked to the official Jmol/JSmol
documentation.
Although the Jmol and JSmol applets include a console for running script-
ing commands, this console assumes a deep working knowledge of the Jmol
scripting language. Aware that many students would lack the necessary
knowledge to work fluently with Jmol scripting commands, I designed the
Scripting History panel to include links to the official Jmol documentation for
reserved words that appear in the command history. For example, whenever
a user (or the interface, in the background) runs a color command, the word
“color” as it appears in the command history is hyperlinked to the “color”
section of the Jmol documentation.
6.4 Tutorials & Assignments
Teachers often report that although they see the appeal of incorporating
computational modeling into their teaching, weak training and minimal prior
education limit their abilities to use computational models well in the class-
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room.167 One can see this problem as derived from three core issues: (1)
uncertainty in how to operate a program (i.e., operational difficulties), (2)
ignorance of the features and capabilities of the program, and (3) a lack of
theoretical knowledge concerning the information provided by computational
models. With these ideas in mind, I have prepared a series of tutorials meant
to address all three core issues. Although the tutorials have at present been
tested only by students in a second-semester organic chemistry course, their
application to teacher education is an important future goal.
The tutorials embrance a “walkthrough” approach that takes the user
through a series of tasks aimed at accomplishing a larger educational goal.168
They are interactive in the sense that their instructions are embedded directly
into copies of the JSmol interface. Users scroll through the instructions as
they complete tasks, using “Previous” and “Next” buttons to navigate blocks
of instructions. A minimize button in the tutorial text window allows the
user to set aside instructions while completing tasks in the interface.
The text of each tutorial is reproduced below. The first tutorial was de-
signed to provide a basic introduction to the features and functions of the
interface and uses an arbitrary structure from the Protein Data Bank as
context. The other two tutorials were designed as quiz assignments for a
second-semester organic chemistry course; these contain content-related ques-
tions that can be answered by completing tasks in the interface. Questions
to which students were asked to respond in an online homework system are
italicized in the text of tutorials 2 and 3s.
6.4.1 Tutorial 1: Introduction
Introduction: NetMol’s JSmol interface allows users to load and build interac-
tive, three-dimensional images based on the molecular visualization program
Jmol. Jmol’s desktop version includes a powerful scripting language, but
learning the language takes quite a bit of time and effort. This interface
encodes most of Jmol’s commands into buttons, text fields, and other user
interface elements spread out across themed panels. Follow along with this
short tutorial to get a feel for how the JSmol interface works.
If you aren’t already signed in, please sign in using the controls above.
This tutorial text can be minimized using the “−” button at the top right of
this box.
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Loading a File: Jmol is most suitable for the manipulation and display
of existing structural files, not the creation of structures from scratch. Ex-
isting structures may come from structural repositories or databases like
the Protein Data Bank, or computational chemistry programs/websites like
Gaussian, GAMESS, or WebMO. For this tutorial, we’ll pull a structure from
the Protein Data Bank using the interface’s connection to the PDB. To be-
gin, click File → PDB Structure in the menu bar. A dialog box appears
containing a text field for a PDB code. Type “3KLL” in the text field that
appears and press Enter or click Load Structure. After a few seconds, a
protein structure will appear in the Jmol window.
Altering Style: Suppose we were interested in displaying the active site of
this enzyme, which—according to its associated research paper169—contains
one key, nucleophilic amino acid residue. Conceptually, we would like to zoom
in on the active site, somehow remove or simplify all the amino acids outside
of the active site, and focus the viewer’s attention on the key nucleophilic
residue. Most of these tasks can be accomplished using the Style menu, which
contains panels that allow us to alter the appearance, color, and general style
of selected atoms.
Selecting Atoms & Atom Groups: Before diving in and modifying the style
of atoms in the structure, let’s learn how to select atoms in the Jmol window.
Zoom in by holding Shift, clicking in the Jmol window, and dragging the
mouse down. Try clicking an atom to select it—you’ll see a gold halo appear
around the atom once it’s selected. Now, click Residue just under the menu
bar (in the “action bar”) and try selecting a second atom. Notice that an
entire amino acid residue is selected! Try playing around with the different
select modes and clicking in the Jmol window to select chunks of atoms.
When you’re done, click None in the action bar to clear the selection.
Custom Selectors & the Select Panel: Jmol supports a variety of intelligent
selectors that choose atoms based on their identifiers or properties. To use
selectors to pick atoms, visit the Select Atoms & Groups panel by clicking
Select in the menu bar. When the panel loads, try clicking the Protein
button, and notice that the entire protein is selected. Using information in
the structure file, Jmol is able to distinguish atoms in the protein from those
belonging to ligands or other molecules. Re-styling the protein as a cartoon
should allow us to nicely focus on the active site. Click Style → Proteins
to load the Protein Appearance panel, then click Cartoon On and Ball &
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Stick Off to display the protein as a cartoon. Click None in the action bar
to clear the selection.
Hiding Water Molecules: The structure is obscured by water molecules
surrounding the protein. To turn these off, click the Hide Waters button.
The Protein Appearance panel can be used to change the display mode of
selected atoms that are part of proteins.
Zooming in & Styling: Now, let’s zoom in on the active site and display the
key nucleophilic residue in ball-and-stick form. The key nucleophilic residue
is aspartate 1025. To select it, click Select, type “ASP1025” in the Custom
Selector field, and press Enter. Do you see the selected aspartate residue?
Display the aspartate using Style → Ball & Stick, then zoom in on that
section of the structure.
Displaying Residues of Interest: The cartooned protein is blocking our view
of the active site! Let’s display only residues 1020-1030 and the ligand. Click
Select in the menu bar, then the Custom Selector field type “1020-1030” and
press Enter. Then, select the ligands by clicking the Ligands button. Click
Style → Display/Hide, then click the Display Only Selected button.
Measuring Distances & Angles: Finally, let’s measure the distance between
the aspartate residue and the glycerol ligand (GOL). Click the blue Measure
button in the action bar. Hover your mouse over the ASP residue and find
oxygen #2273. Double-click that atom to begin measuring from it. Then,
find oxygen #8081 in the glycerol ligand, and double-click that atom. A
measurement appears in the Jmol window. Choose a different select mode
in the action bar to turn off measuring.
Centering the Image, Saving & Embedding: Click the Center All button
to center the Jmol window on the currently visible set of atoms. And that’s
it! We’re ready to embed this image elsewhere on the web. If you’d like,
continue to style the image to your suit your fancy. To save and embed this
image, click the green Save & Share button in the action bar. Give the file
a name and short description, then click Create Image. Embed code will
appear once the image is saved. To find the embed code again, click Create
→ My Files.
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6.4.2 Tutorial 2: JSmol & the Protein Data Bank
Introduction: The Protein Data Bank (PDB) is the worldwide repository
for distribution of 3D biological macromolecular structure data. For this
assignment, we will explore a protein whose PDB code is 1IGD. 1IGD is a
small protein with 61 amino acids. This structure in particular is a domain
of a larger protein involved in IgG binding. 1IGD has a simple, compact
structure that makes it a good candidate for learning how to manipulate
three-dimensional images of proteins. After completing these exercises, you
should be familiar with the basic functionality of this JSmol interface. You
can use the interface to investigate PDB structures for your project, too.
This tutorial text can be minimized using the “” button at the top of this
box.
Loading the Structure: First, let’s load the structure of 1IDG in the JSmol
window below. Click File→ PDB Structure, type “1IGD” in the box that
appears, and press Enter.
Manipulating the Structure: To work with this structure, we will use the
various panels on the JSmol interface to select and change the appearance
of the JSmol model. You can access the panels by clicking the menu items
above the JSmol window.
The free red spheres in the JSmol window are water molecules that hap-
pened to crystallize with the protein. Note that only oxygen atoms are shown
(hydrogen atoms are generally omitted from protein crystal structures). Let’s
hide all the water molecules. Click Style→ Proteins, then click Hide Wa-
ters.
Let’s get some information on amino acids in 1IGD. Imagine we want to
know the number and location of alanine residues in the protein. We can
do this by selecting the alanine residues. Click Select to pull up the Select
panel, and in the “Amino acid abbreviation” text field type “ALA” and press
Enter. You should see yellow selection halos appear around the alanines in
the model. How many ALA residues are present in this protein?
Use the mouse to explore the structure of the protein and search for selected
alanine residues. See this table for a list of mouse manipulations in JSmol.
Many kinds of manipulations can be done with the left, middle, or right
mouse buttons in combination with the keyboard.
Mouse Over for Information: Now let’s learn to explore and select atoms
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with the mouse. A very useful tool is the “mouse over” function. “Mouse
over” allows you to discover the element of an atom, the residue it belongs
to, and its location in the protein sequence. All you need to do is make
the Jmol window active by clicking your mouse anywhere in the window.
Then position the cursor over the atom of your choice and bring your mouse
to rest on the atom. After stopping about 1 second, a small yellow box
with information will appear. Determine the residue numbers of each of the
alanine residues in 1IGD.
Residues in Contact with ALA 25: Let’s determine which of a set of
residues makes van der Waals contact with residue ALA 25. Click None
in the action bar (just below the menu bar) to clear the selection. Back on
the Select panel, type “ALA25” in the “Custom selector” field and press En-
ter. Also select the following residues: VAL5, THR7, LYS9, GLU20, TYR50.
To color these residues, click Style → Color, then select “Balls & Sticks”
and the Amino color scheme. Use Style → Ball & Stick to turn on a
“Spacefilling” view of the selected amino acids. Which of the five residues
listed above make Van der Waals contact with ALA 25?
Measuring Distances & Angles: Let’s return to a clean, wireframe view of
the protein. Click the Balls On button to return to a cleaner look. Then,
clear the selection by clicking None in the action bar.
Now, let’s measure some distances and angles in the protein. Using the
Select panel, select resides ASP 52 and LYS 55. Click Measure in the
action bar to turn on measuring mode, and determine the distance between
the nitrogen of LYS 55 and one of the carboxylate oxygens of ASP 52. What
is the distance between the -amino group of LYS 55 and the carboxylate
oxygens of ASP 52?
Measuring Continued: Clear the selection, then follow a similar procedure
to determine the bond angle between these three atoms:
• Cα (the α-carbon) of THR 56 (atom number = 424)
• Cα of THR 58 (atom number = 442)
• Cα of THR 58 (atom number = 456)
Use the Select panel to find the atoms. What is the bond angle between
the three atoms listed above?
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Ribbon Diagrams: Click Select Atom in the action bar to turn measuring
off. To see the secondary structure of the protein, let’s show it as a ribbon
diagram. First, select the whole protein by clicking Protein on the Select
panel. Click Style→ Proteins then click Cartoon On, Ball & Stick Off,
and Hide Waters. With the whole protein still selected, head to Style →
Color and select Cartoons followed by Structure. The ribbon diagram
will be colored by its secondary structural elements: α-helices appear pink
and β-strands appear yellow. Draw a topology diagram for this protein based
on the three-dimensional ribbon diagram you see.
Examining a Range of Amino Acid Residues: Let’s investigate a particu-
larly interesting set of amino acid residues, 47 through 51. Clear the selection
and open the Select panel. Type “47-51” in the “Custom selector” field to
select these side chains, then display them using the Style → Ball & Stick
panel. How would you classify the residues pointing toward the nearby α-
helix? Which residues point away from the helix?
Investigating the Polarity of Side Chains: It is possible to style structures
by amino acid attributes using custom selectors. Clear the selection, then
type “polar” into the “Custom selector” field in the Select panel and press
Enter. The polar residues will be selected. Use the Style → Ball & Stick
panel to display the residues in a ball-and-stick view, then use the Style →
Color panel to color them red (type “red” in the “Custom color” field, then
click the button). Next, clear the selection and type “hydrophobic” into the
custom selector field. Display the selected residues as balls and sticks and
color them white. Complete the remainder of this quiz using this picture of
the protein. [Additional questions were provided on a separate page.]
6.4.3 Tutorial 3: Mechanism & Inhibition of an
Esterase
Introduction: Triacylglycerol acyl hydrolases are enzymes that fulfill a key
function in dietary fat adsorption by hydrolyzing triglycerides into diglyc-
erides, diglycerides into monoglycerides, and finally monoglycerides into glyc-
erol. As shown here, free fatty acids are produced at each step. We’ll explore
a triacylglycerol acyl hydrolase with PDB code 4TGL. By comparing 4TGL
to enzymes discussed in class, we will reach a very important conclusion:
Enzymes that catalyze mechanistically similar reactions tend to have many
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structural features in common. We will refer to this statement as the “similar
mechanism similar structure” hypothesis. If we define an enzyme’s “func-
tion” as the mechanism of the reaction that it catalyzes, then this assignment
will give you a vivid molecular picture of the famous adage: “structure gives
rise to function.”
Loading the Structure: First, let’s load the structure of 4TGL in the JSmol
window below. Click File→ PDB Structure, type “4TGL” in the box that
appears, and press Enter.
Searching for Disulfide Bonds: Let’s begin by cartooning the protein and
coloring it according to the secondary structural elements present. Select the
entire protein by clicking Chain in the action bar and clicking any atom in
the polypeptide. Then, pull up the Protein panel (Style → Proteins) and
turn off balls & sticks. Click Cartoon On to show the chain as a cartoon.
Pull up the Color panel (Style → Color), select “Cartoon,” and color the
cartoon by “Structure.” Notice that the secondary structural elements can
now be distinguished by their colors. Click None to clear your selection to
see the colors clearly.
Next, let’s look for disulfide bonds. To do this we will show the cysteine
(CYS) residues as balls and sticks. Using the Select panel (Select in the
menu bar), choose residues with the abbreviation CYS. Use the Protein panel
to turn on balls & sticks for the selected residues. How many disulfide bridges
(-S-S-) are present in 4TGL? How many cysteine side chains exist as the thiol
(-SH) group?
Using the Measure tool, determine the dihedral angle of each disulfide
bond in the protein.
Exploring the Ligand and Protein Surface: Now let’s find out if there is a
small molecule (i.e., a ligand) bound to this protein. First, hide the selected
cysteine residues by turning balls & sticks off using the Protein panel. Use
the Select panel to clear the selection, then select “Ligands” and turn on
balls & sticks for the newly selected ligand. Take note of where the ligand
sits relative to the nearby α-helix—this is the active site of the enzyme.
Now let’s see how the ligand is bound by preparing a surface representation
of the protein. To prepare the surface, we will use the JSmol context menu,
which you can access by right-clicking the JSmol window.
First, clear the selection by clicking None in the action bar. Select Protein
using the Select panel and turn off the cartoon by clicking Cartoon Off
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in the Protein panel. Next, right-click on the JSmol window and select
Surfaces→ van der Waals. It may take a few seconds to load the surface.
How would you describe the position of the ligand with respect to the protein’s
surface?
Hide the surface by right-clicking and selecting Surfaces → Off.
Geometry of the Ligand: Look closely at the ligand’s orange phosphorous
atom. To center rotation of the model on this atom, click Center in the
action bar, click on the phosphorus atom, then click Select Atom in the
action bar. Carefully examine the geometry at phosphorus and measure the
O-P-O bond angle. How would you describe the geometry at phosphorus?
Spotting an Enzyme-inhibitor Covalent Adduct: Now let’s determine the
atom(s) in the protein that make contact with the ligand. The custom se-
lector “within” can help you explore how a ligand is bound to a protein by
selecting only atoms that are in close proximity to the ligand. Let’s find all
the atoms within 6.0 of atom number 2087, the ligand’s phosphorus atom.
Clear the selection if need be. In the Custom Selector field of the Select
panel, type “within(6.0, atomno=2087)” and press Enter. Then, turn on
balls & sticks for the selected atoms in the Protein panel. You should see
new atoms from the protein appear—the ligand is covalently bound to some,
and others are in van der Waals contact. Rotate the image and zoom to
examine the key contacts. Hover over atoms to identify the amino acids that
are close to the ligand.
4TGL is inhibited irreversibly by diethyl p-nitrophenyl phosphate; in fact,
this inhibitor produced the ligand that you see bound to the protein (i.e., the
protein was mixed with diethyl p-nitrophenyl phosphate before crystalliza-
tion). As suggested by this figure, the inhibitor becomes covalently linked to
the protein through one of the catalytic residues. A second catalytic residue,
a histidine, can be found nearby. Draw the structure of the enzyme-inhibitor
covalent adduct. Which histidine side chain is closest to the inhibitor?
An Analogy to Chymotrypsin: At this point, we’ve to accumulate evidence
of the close similarity between 4TGL and the serine protease chymotrypsin
featured in our notes. To form the covalent adduct in 4TGL, a serine dis-
placed a leaving group in the inhibitor, by a mechanism analogous to that of
chymotrypsin. Thus, it is reasonable to anticipate the presence of a catalytic
triad in 4TGL like the one found in chymotrypsin. We’ve already found two
of the three amino acids of the triad (Ser and His). Now let’s look for an
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aspartate residue near the catalytically active His. Use the Select panel to se-
lect ASP residues, then turn on balls & sticks for the selected atoms using the
Protein panel. Do you see an aspartate residue close to the ligand? Which
aspartate residue is closest to the catalytically important histidine residue?
Finding an Oxyanion Hole: Finally, let’s look for evidence of an oxyanion
hole. Measure the distance between the oxygen atom of the ligand’s P=O
bond and the closest backbone nitrogens. Look for evidence of an oxyanion
hole around the inhibitor’s doubly bound oxygen. What residues contribute
NH bonds that can hydrogen bond to form the oxyanion hole?
Summary: The structure of 4TGL teaches us about the “similar mecha-
nism, similar structure” hypothesis:
• Two substrates may have vastly different structures; however, if they
undergo mechanistically similar reactions, then the enzymes that cat-
alyze these reactions may have many structural features in common.
• Enzymes found in Nature employ remarkably similar strategies to cat-
alyze mechanistically similar reactions, even though their substrates
may vary greatly in structure.
6.5 Historical Development of NetMol
Jmol/JSmol Interface
The NetMol J(S)mol interface was originally developed to help students cre-
ate interactive images of pre-existing computational models, such as protein
structures from the PDB. Initially, its design reflected my perspective on
typical scripting workflows in Jmol. I imagined that developing a dedicated
user interface could eliminate the need for scripting commands and make
common tasks more intuitive. It was clear from the outset that the workflow
of “select, manipulate, display” was an essential paradigm to keep in mind
while using Jmol’s scripting language. In nearly every functional script that
changes the model, a set of atoms are first selected, commands to manipulate
those atoms are then run, and the results of those commands are displayed in
the Jmol window. As the first and most common task when manipulating a
model, I viewed atom selection as a particularly important task that should
be extremely simple for students to accomplish. Hence, early incarnations
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of the action bar included different selection modes and select all/none but-
tons. Atom selection could be accomplished in arguably the most intuitive
way possible, by clicking directly on atoms in the Jmol window.
A significant early difficulty associated with the interface involved saving
and sharing prepared images. In its original form, the interface did not
include a login system, and had no means of loading images that had been
saved and shared. Embedded images were simply saved in a single database
table without association with their creators. After hearing feedback from
students concerning their frustrations with the interface, I introduced a login
system and the ability to load past images for further editing. Anecdotally,
students were spending a great deal of time getting images “just so,” and the
capability to partially finish an image and complete it later was important
to students.
Subsequent development of the interface was largely driven by students’
concerns and the tasks they wanted to accomplish in the interface. Many
students, for example, expressed interest in displaying molecular orbitals in
Jmol. Given an appropriate file, molecular orbitals can be displayed in Jmol
using the “mo” command, and the development of a panel to simplify use
of this command was straightforward. A few students expressed interest in
using rather exotic commands; rather than develop a large number of panels
to meet all users’ needs, I chose to develop an enhanced scripting console
with links to the official documentation of Jmol/JSmol (see above).
Updates to the interface since the introduction of a login system have
largely been cosmetic. The interface now uses the Bootstrap framework for
CSS and some complex controls (such as dropdown menus). Since the shift
to Bootstrap, my focus has shifted much more to improving the usability of
panels and incorporating more scripting commands into existing panels. The
interface now includes a JSmol window that takes up the entire page rather
than a fixed window of 400 by 400 pixels. Although untested at present, these
updates are likely to improve the experience of students using the interface
and, hopefully, attract other teachers and users to it.
Ultimately, my directions of development have been driven by student feed-
back and the student experience more than any other factor. Because educa-
tional software for chemistry is often extremely complex, developers tend to
pay little attention to user experience, instead focusing on robust and com-
plete functionality. I would argue that this one-sided approach is misguided,
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even for software targeted for advanced undergraduates and graduate stu-
dents. A lack of usability can be a significant impediment to learning from
even the most full-featured educational software. More formal mechanisms
for student feedback on software used for teaching and more rigorous mech-
anisms for usability testing are needed in the field of educational technology.
These concerns are particularly important for chemistry education because
of the growing role of computational chemistry in the classroom.
6.6 Conclusions & Future Directions
This chapter describes the development and application of a novel interface
for the molecular visualization program J(S)mol, the NetMol JSmol interface.
NetMol mproves the usability of Jmol by encoding the most common Jmol
scripting commands in HTML input elements within panels. NetMol also
extends the capabilities of Jmol in a number of ways, with the aim of easing
the learning curve associated with the software. Users can create and save
styled, interactive images, and share these on other websites using HTML
embed code. The interface has been used in conjunction with a student
project on enzymatic reaction mechanisms, and as a context for two quiz
assignments on enzyme catalysis. Throughout the design, implementation,
and refinement of NetMol, its development trajectory has been centered on
student feedback and usability concerns.
The feature set of the Jmol scripting language continues to expand with
its development. Hence, future incarnations of the NetMol JSmol interface
will likely include new controls for newly developed commands. Beyond this
straightforward path for development, however, the interface could serve as
a novel research environment. Researchers have begun to use eye-tracking
technology to investigate where students their focus attention while engaging
with online videos or other computer-based materials.170,171 Mouse-tracking
technologies represent a nice complement to these methods, and may provide
additional insight in contexts (such as Jmol) where mouse manipulations are
critical. Mouse tracking has previously been used with success to measure
affective attributes such as the user’s mood, suggesting that the use of mouse
tracking to measure cognitive attributes will also be successful.172 Prelimi-
nary work is underway on a mouse-tracking feature for the NetMol JSmol
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interface, which will allow users to visualize their use of mouse actions while
manipulating a model in JSmol. Studies of novice and expert mouse pat-
terns in the context of problems related to bio-organic chemistry or organic
stereochemistry could reveal how differences in visual/spatial skills are re-
flected in a computational environment. Alternatively, a record of mouse
behavior could help the interface automatically identify mouse actions that
are under-utilized by the user.
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Appendix A
SALG Instruments
Full copies of the SALG instruments used between the spring 2010 and spring
2013 semesters are provided below. The Attitudes, Major, and GPA sections
of the baseline survey were consistent throughout the study and are included
only in the first example below.
A.1 Summer 2010
The Molmodac project, Iteration 1
Number Question Type
Understanding
1 Presently, I understand. . .
1.1 The following concepts that will be explored in this class. . .
1.1.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate agreement
1.1.2 Fundamental principles of organic chemistry: kinetics, sta-
bility, and stereochemistry
Indicate agreement
1.1.3 The chemistry of amino acids, polypeptides, and enzymatic
reactions
Indicate agreement
1.1.4 Using computational tools to integrate and display infor-
mation from the chemical literature
Indicate agreement
1.2 The relationships between those main concepts Indicate agreement
1.3 How ideas we will explore in this class relate to ideas I have
encountered in other classes within this subject area
Indicate agreement
1.4 How ideas we will explore in this class relate to ideas I have
encountered in classes outside of this subject area
Indicate agreement
1.5 How studying this subject helps people address real world
issues
Indicate agreement
1.6 What do you expect to understand at the end of the class
that you do not know now?
Long answer
Skills
2 Presently, I can. . .
2.1 Find articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate agreement
2.2 Critically read articles from professional journals or else-
where
Indicate agreement
2.3 Identify patterns in data Indicate agreement
2.4 Recognize a sound argument and appropriate use of evi-
dence
Indicate agreement
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2.5 Develop a logical argument Indicate agreement
2.6 Write using discipline-appropriate style and format Indicate agreement
2.7 Work effectively with others Indicate agreement
2.8 What do you expect to be able to do at the end of the
course that you cannot do now?
Long answer
Attitudes
3 Presently, I am. . .
3.1 Enthusiastic about the subject Indicate agreement
3.2 Interested in discussing the subject area with friends or
family
Indicate agreement
3.3 Interested in taking or planning to take additional classes
in this subject
Indicate agreement
3.4 Confident that I understand the subject Indicate agreement
3.5 Confident that I can do this subject Indicate agreement
3.6 Comfortable working with complex ideas Indicate agreement
3.7 Willing to seek help from others (teacher, peers, TA) when
working on academic problems
Indicate agreement
3.8 Please comment on your present level of interest in this
subject.
Long answer
Integration of learning
4 Presently, I am in the habit of. . .
4.1 Connecting key ideas I learn in my classes with other knowl-
edge
Indicate agreement
4.2 Applying what I learn in classes to other situations Indicate agreement
4.3 Using systematic reasoning in my approach to problems Indicate agreement
4.4 Using a critical approach to analyzing data and arguments
in my daily life
Indicate agreement
4.5 Please comment on how you expect this material to inte-
grate with your studies, career, and/or life?
Long answer
Major
5 What best characterizes your major in college?
5.1 Major in this subject area Yes/no
5.2 Not a major in this subject area Yes/no
5.3 Undecided at this time Yes/no
5.4 Plan on becoming a major in this subject area Yes/no
5.5 Plan on becoming a major in another area Yes/no
GPA
6 What is your current GPA in a system that assumes a 4.00
as an A (highest score possible)?
6.1 My GPA is. . . Numeric
Table A.1: Baseline SALG survey for the summer 2010 semester.
Number Question Type
Your understanding of class content
1 As a result of your work in this class, what GAINS DID
YOU MAKE in your UNDERSTANDING of each of the
following?
1.1 The main concepts explored in this class Indicate gains
1.2 The relationships between the main concepts Indicate gains
1.3 The following concepts that have been explored in this class
1.3.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate gains
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1.3.2 Fundamental principles of organic chemistry: kinetics, sta-
bility, and stereochemistry
Indicate gains
1.3.3 The chemistry of amino acids, polypeptides, and enzymes Indicate gains
1.3.4 Using computational tools to integrate and display infor-
mation from the chemical literature and chemical databases
Indicate gains
1.4 How ideas from this class relate to ideas encountered in
other classes within this subject area
Indicate gains
1.5 How ideas from this class relate to ideas encountered in
classes outside of this subject area
Indicate gains
1.6 How studying this subject area helps people address real
world issues
Indicate gains
1.7 Please comment on HOW YOUR UNDERSTANDING OF
THE SUBJECT HAS CHANGED as a result of this class.
Long answer
1.8 Please comment on how THE WAY THIS CLASS WAS
TAUGHT helps you REMEMBER key ideas.
Long answer
Increases in your skills
2 As a result of your work in this class, what GAINS DID
YOU MAKE in the following SKILLS?
2.1 Finding articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate gains
2.2 Critically reading articles about issues raised in class Indicate gains
2.3 Identifying patterns in data Indicate gains
2.4 Recognizing a sound argument and appropriate use of evi-
dence
Indicate gains
2.5 Developing a logical argument Indicate gains
2.6 Writing documents in discipline-appropriate style and for-
mat
Indicate gains
2.7 Working effectively with others Indicate gains
2.8 Preparing and giving oral presentations Indicate gains
2.9 Please comment on what SKILLS you have gained as a
result of this class.
Long answer
Class impact on your attitudes
3 As a result of your work in this class, what GAINS DID
YOU MAKE in the following?
3.1 Enthusiasm for the subject Indicate gains
3.2 Interest in discussing the subject area with friends or family Indicate gains
3.3 Interest in taking or planning to take additional classes in
this subject
Indicate gains
3.4 Confidence that you understand the material Indicate gains
3.5 Confidence that you can do this subject area Indicate gains
3.6 Your comfort level in working with complex ideas Indicate gains
3.7 Willingness to seek help from others (teacher, peers, TA)
when working on academic problems
Indicate gains
3.8 Please comment on how has this class CHANGED YOUR
ATTITUDES toward this subject.
Long answer
Integration of your learning
4 As a result of your work in this class, what GAINS DID
YOU MAKE in INTEGRATING the following?
4.1 Connecting key class ideas with other knowledge Indicate gains
4.2 Applying what I learned in this class in other situations Indicate gains
4.3 Using systematic reasoning in my approach to problems Indicate gains
4.4 Using a critical approach to analyzing data and arguments
in my daily life
Indicate gains
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4.5 What will you CARRY WITH YOU into other classes or
other aspects of your life?
Long answer
The Class Overall
5 HOW MUCH did the following aspects of the class HELP
YOUR LEARNING?
5.1 The instructional approach taken in this class Indicate gains
5.2 How the class topics, activities, reading and assignments
fit together
Indicate gains
5.3 The pace of the class Indicate gains
5.4 Please comment on how the INSTRUCTIONAL AP-
PROACH to this class helped your learning.
Long answer
5.5 How has this class CHANGED THE WAYS YOU LEARN/
STUDY?
Long answer
Class Activities
6 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
6.1 Attending lectures Indicate gains
6.2 Participating in discussions during class Indicate gains
6.3 Listening to discussions during class Indicate gains
6.4 Participating in group work during class Indicate gains
6.5 Doing hands-on classroom activities Indicate gains
6.6 Specific Class Activities
6.6.1 Class Activity 1 [Fill in] Indicate gains
6.6.2 Class Activity 2 [Fill in] Indicate gains
6.6.3 Class Activity 3 [Fill in] Indicate gains
6.7 Please comment on how the CLASS ACTIVITIES helped
your learning.
Long answer
6.8 Please comment on HOW OFTEN YOU PARTICIPATED
in class discussions and HOW THE ATMOSPHERE
IN THE CLASSROOM ENCOURAGED OR DISCOUR-
AGED your participation.
Long answer
Assignments, graded activities and tests
7 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
7.1 Graded assignments (overall) in this class Indicate gains
7.2 Writing assignments (overall)
7.2.1 Writing assignment 1 [Fill in] Indicate gains
7.2.2 Writing assignment 2 [Fill in] Indicate gains
7.2.3 Writing assignment 3 [Fill in] Indicate gains
7.3 Other graded assignments
7.3.1 Assignment 1 [Fill in] Indicate gains
7.3.2 Assignment 2 [Fill in] Indicate gains
7.3.3 Assignment 3 [Fill in] Indicate gains
7.4 Graded group projects Indicate gains
7.5 Opportunities for in-class review (given by the instructor
or TA)
Indicate gains
7.6 The number and spacing of tests Indicate gains
7.7 The fit between class content and tests Indicate gains
7.8 The mental stretch required by tests Indicate gains
7.9 The way the grading system helped me understand what I
needed to work on
Indicate gains
7.10 The feedback on my work received after tests or assign-
ments
Indicate gains
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7.11 Please comment on how the GRADED ACTIVITIES AND
TESTS helped your learning.
Long answer
Class Resources
8 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
8.1 The primary textbook Indicate gains
8.2 Other reading materials
8.2.1 Reading material 1 [Fill in] Indicate gains
8.2.2 Reading material 2 [Fill in] Indicate gains
8.2.3 Reading material 3 [Fill in] Indicate gains
8.3 Online materials (other than teacher-provided online notes
or presentations)
Indicate gains
8.4 Online notes or presentations posted by instructor Indicate gains
8.5 Visual resources used in class (i.e. PowerPoint, slides, mod-
els, demonstrations)
Indicate gains
8.6 Please comment on how the RESOURCES in this class
helped your learning.
Long answer
The information you were given
9 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
9.1 Explanation of how the class activities, reading and assign-
ments related to each other
Indicate gains
9.2 Explanation given by instructor of how to learn or study
the materials
Indicate gains
9.3 Explanation of why the class focused on the topics pre-
sented
Indicate gains
9.4 Please comment on HOW the INFORMATION YOU RE-
CEIVED about the class helped your learning.
Long answer
Support for you as an individual learner
10 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
10.1 Interacting with the instructor during class Indicate gains
10.2 Interacting with the instructor during office hours Indicate gains
10.3 Working with teaching assistants during class Indicate gains
10.4 Working with teaching assistants outside of class Indicate gains
10.5 Working with peers during class Indicate gains
10.6 Working with peers outside of class Indicate gains
10.7 Please comment on how the SUPPORT YOU RECEIVED
FROM OTHERS helped your learning in this class.
Long answer
Table A.2: Post-semester SALG survey for the summer 2010 semester.
A.2 Fall 2010
The Molmodac project, Iteration 2
Number Question Type
Understanding
1 Presently, I understand. . .
1.1 The following concepts that will be explored in this class. . .
1.1.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate agreement
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1.1.2 Fundamental principles of organic chemistry: kinetics, sta-
bility, and stereochemistry
Indicate agreement
1.1.3 The chemistry of amino acids, polypeptides, and enzymatic
reactions
Indicate agreement
1.1.4 Using computational tools to integrate and display infor-
mation from the chemical literature
Indicate agreement
1.2 The relationships between those main concepts Indicate agreement
1.3 How ideas we will explore in this class relate to ideas I have
encountered in other classes within this subject area
Indicate agreement
1.4 How ideas we will explore in this class relate to ideas I have
encountered in classes outside of this subject area
Indicate agreement
1.5 How studying this subject helps people address real world
issues
Indicate agreement
1.6 What do you expect to understand at the end of the class
that you do not know now?
Long answer
Skills
2 Presently, I can. . .
2.1 Find articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate agreement
2.2 Critically read articles from professional journals or else-
where
Indicate agreement
2.3 Identify patterns in data Indicate agreement
2.4 Recognize a sound argument and appropriate use of evi-
dence
Indicate agreement
2.5 Develop a logical argument Indicate agreement
2.6 Write using discipline-appropriate style and format Indicate agreement
2.7 Work effectively with others Indicate agreement
2.8 What do you expect to be able to do at the end of the
course that you cannot do now?
Long answer
Table A.3: Baseline SALG survey for the fall 2010 semester.
Number Question Type
Your understanding of class content
1 As a result of your work in this class, what GAINS DID
YOU MAKE in your UNDERSTANDING of each of the
following?
1.1 The main concepts explored in this class Indicate gains
1.2 The relationships between the main concepts Indicate gains
1.3 The following concepts that have been explored in this class
1.3.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate gains
1.3.2 Fundamental principles of organic chemistry: kinetics, sta-
bility, and stereochemistry
Indicate gains
1.3.3 The chemistry of amino acids, polypeptides, and enzymes Indicate gains
1.3.4 Using computational tools to integrate and display infor-
mation from the chemical literature and chemical databases
Indicate gains
1.4 How ideas from this class relate to ideas encountered in
other classes within this subject area
Indicate gains
1.5 How ideas from this class relate to ideas encountered in
classes outside of this subject area
Indicate gains
1.6 How studying this subject area helps people address real
world issues
Indicate gains
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1.7 Please comment on HOW YOUR UNDERSTANDING OF
THE SUBJECT HAS CHANGED as a result of this class.
Long answer
1.8 Please comment on how THE WAY THIS CLASS WAS
TAUGHT helps you REMEMBER key ideas.
Long answer
Increases in your skills
2 As a result of your work in this class, what GAINS DID
YOU MAKE in the following SKILLS?
2.1 Finding articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate gains
2.2 Critically reading articles from professional journals or else-
where
Indicate gains
2.3 Identifying patterns in data Indicate gains
2.4 Recognizing a sound argument and appropriate use of evi-
dence
Indicate gains
2.5 Developing a logical argument Indicate gains
2.6 Writing using discipline-appropriate style and format Indicate gains
2.7 Working effectively with others Indicate gains
2.8 Please comment on what SKILLS you have gained as a
result of this class.
Long answer
Class impact on your attitudes
3 As a result of your work in this class, what GAINS DID
YOU MAKE in the following?
3.1 Enthusiasm for the subject Indicate gains
3.2 Interest in discussing the subject area with friends or family Indicate gains
3.3 Interest in taking or planning to take additional classes in
this subject
Indicate gains
3.4 Confidence that you understand the material Indicate gains
3.5 Confidence that you can do this subject area Indicate gains
3.6 Your comfort level in working with complex ideas Indicate gains
3.7 Willingness to seek help from others (teacher, peers, TA)
when working on academic problems
Indicate gains
3.8 Please comment on how has this class CHANGED YOUR
ATTITUDES toward this subject.
Long answer
Integration of your learning
4 As a result of your work in this class, what GAINS DID
YOU MAKE in INTEGRATING the following?
4.1 Connecting key class ideas with other knowledge Indicate gains
4.2 Applying what I learned in this class in other situations Indicate gains
4.3 Using systematic reasoning in my approach to problems Indicate gains
4.4 Using a critical approach to analyzing data and arguments
in my daily life
Indicate gains
4.5 What will you CARRY WITH YOU into other classes or
other aspects of your life?
Long answer
The Class Overall
5 HOW MUCH did the following aspects of the class HELP
YOUR LEARNING?
5.1 The general instructional approach taken in this class Indicate gains
5.2 How the class topics, activities, reading and assignments
all fit together
Indicate gains
5.3 The pace of the class Indicate gains
5.4 The ability to access online course materials at any time Indicate gains
5.5 The fit between course materials made available online and
material covered in discussion sessions/office hours
Indicate gains
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5.6 Please comment on how the INSTRUCTIONAL AP-
PROACH to this class helped your learning.
Long answer
5.7 How has this class CHANGED THE WAYS YOU LEARN/
STUDY?
Long answer
Class Activities
6 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
6.1 Watching webcasts Indicate gains
6.2 Using web-based tools such as MarvinSketch, Jmol, and
WebMO
Indicate gains
6.3 Posting comments (either questions or responses) on the
Wiki
Indicate gains
6.4 Attending discussion sessions online via Elluminate Indicate gains
6.5 Attending discussion sessions live Indicate gains
6.6 Solving Problems
6.6.1 Working through the quizzes alone Indicate gains
6.6.2 Working through the quizzes in a group Indicate gains
6.6.3 Working through Problems of the Day outside of discussion,
alone or in a group
Indicate gains
6.6.4 Working Pressure Point Problems (P3’s) in discussion Indicate gains
6.6.5 Working Pressure Point Problems (P3’s) outside of discus-
sion (in the P3 Archive)
Indicate gains
6.6.6 Watching “P3 Replays” Indicate gains
6.7 The Molmodac Project
6.7.1 Collaborating with other students on a team Indicate gains
6.7.2 Selecting a topic Indicate gains
6.7.3 Searching for relevant primary literature articles Indicate gains
6.7.4 Creating MarvinSketch applets for your wiki page Indicate gains
6.7.5 Creating Jmol applets for your wiki page Indicate gains
6.7.6 Writing text for your wiki page Indicate gains
6.7.7 Creating a five-minute mechanistic video for your wiki page Indicate gains
6.7.8 Commenting on the pages of other teams Indicate gains
6.8 Please comment on how the CLASS ACTIVITIES helped
your learning.
Long answer
6.9 Please comment on HOW OFTEN YOU PARTICIPATED
in class discussions and HOW THE ATMOSPHERE
IN THE CLASSROOM ENCOURAGED OR DISCOUR-
AGED your participation.
Long answer
Assignments, graded activities and tests
7 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
7.1 Graded assignments (overall) in this class Indicate gains
7.2 The number and spacing of tests Indicate gains
7.3 The fit between class content and tests Indicate gains
7.4 The mental stretch required by tests Indicate gains
7.5 The distribution of points across various assignments Indicate gains
7.6 The feedback on my work received after or during tests or
assignments
Indicate gains
7.7 Please comment on how the GRADED ACTIVITIES AND
TESTS helped your learning.
Long answer
Class Resources
8 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
8.1 The course notes Indicate gains
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8.2 Other reading materials
8.2.1 External, linked reading materials Indicate gains
8.3 Wiki content containing Problems of the Day, quizzes, and
old exams
Indicate gains
8.4 Supplemental Instruction Exam Review sessions Indicate gains
8.5 Please comment on how the RESOURCES in this class
helped your learning.
Long answer
The information you were given
9 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
9.1 Explanation of how the class activities, reading and assign-
ments related to each other
Indicate gains
9.2 Explanation given by instructor of how to learn or study
the materials
Indicate gains
9.3 Explanation of why the class focused on the topics pre-
sented
Indicate gains
9.4 Please comment on HOW the INFORMATION YOU RE-
CEIVED about the class helped your learning.
Long answer
Support for you as an individual learner
10 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
10.1 Interacting with the instructor/teaching assistants on the
wiki’s discussion board
Indicate gains
10.2 Interacting with other students on the wiki’s discussion
board
Indicate gains
10.3 Interacting with Supplemental Instruction leaders during
office hours
Indicate gains
10.4 Interacting with Supplemental Instruction leaders during
SI sessions
Indicate gains
10.5 Working with the instructor/teaching assistants during live
discussions
Indicate gains
10.6 Working with the instructor/teaching assistants during on-
line discussions
Indicate gains
10.7 Working with peers during discussions Indicate gains
10.8 Working with peers in person, outside of class Indicate gains
10.9 Please comment on how the SUPPORT YOU RECEIVED
FROM OTHERS helped your learning in this class.
Long answer
Course Feedback
11 We introduced some innovative practices in CHEM 332 this
semester and are interested in your feedback.
11.1 What suggestions do you have to improve the P3’s (timed,
exam-difficulty problems from discussion)?
Long answer
11.2 What suggestions do you have to improve the Molmodac
project?
Long answer
Table A.4: Post-semeser SALG survey for the fall 2010 semester.
A.3 Spring 2011
No project
Number Question Type
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Understanding
1 Presently, I understand. . .
1.1 The following concepts that will be explored in this class
1.1.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate agreement
1.1.2 Reaction kinetics Indicate agreement
1.1.3 Stability trends of charged species Indicate agreement
1.1.4 Stereochemistry Indicate agreement
1.1.5 Chemistry of peptides and amino acids Indicate agreement
1.1.6 Enzymatic catalysis, mechanisms, and inhibition Indicate agreement
1.1.7 Using web-based software to understand and display infor-
mation from the chemical literature
Indicate agreement
1.2 The relationships between those main concepts Indicate agreement
1.3 How ideas we will explore in this class relate to ideas I have
encountered in other classes within this subject area
Indicate agreement
1.4 How ideas we will explore in this class relate to ideas I have
encountered in classes outside of this subject area
Indicate agreement
1.5 How studying this subject helps people address real world
issues
Indicate agreement
1.6 What do you expect to understand at the end of the class
that you do not know now?
Long answer
Skills
2 Presently, I can. . .
2.1 Find articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate agreement
2.2 Critically read articles from professional journals or else-
where
Indicate agreement
2.3 Identify patterns in data Indicate agreement
2.4 Recognize a sound argument and appropriate use of evi-
dence
Indicate agreement
2.5 Develop a logical argument Indicate agreement
2.6 Use knowledge I possess to reason by analogy to a new
situation
Indicate agreement
2.7 What do you expect to be able to do at the end of the
course that you cannot do now?
Long answer
Table A.5: Baseline SALG survey for the spring 2011 semester.
Number Question Type
Your understanding of class content
1 As a result of your work in this class, what GAINS DID
YOU MAKE in your UNDERSTANDING of each of the
following?
1.1 The main concepts explored in this class Indicate gains
1.2 The relationships between the main concepts Indicate gains
1.3 The following concepts that have been explored in this class
1.3.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate gains
1.3.2 Reaction kinetics Indicate gains
1.3.3 Stability trends of charged species Indicate gains
1.3.4 Stereochemistry Indicate gains
1.3.5 Chemistry of amino acids and peptides Indicate gains
1.3.6 Enzymatic catalysis, mechanisms, and inhibition Indicate gains
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1.3.7 Using computational tools to integrate and display infor-
mation from the chemical literature and chemical databases
Indicate gains
1.4 How ideas from this class relate to ideas encountered in
other classes within this subject area
Indicate gains
1.5 How ideas from this class relate to ideas encountered in
classes outside of this subject area
Indicate gains
1.6 How studying this subject area helps people address real
world issues
Indicate gains
1.7 Please comment on HOW YOUR UNDERSTANDING OF
THE SUBJECT HAS CHANGED as a result of this class.
Long answer
1.8 Please comment on how THE WAY THIS CLASS WAS
TAUGHT helps you REMEMBER key ideas.
Long answer
Increases in your skills
2 As a result of your work in this class, what GAINS DID
YOU MAKE in the following SKILLS?
2.1 Finding articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate gains
2.2 Critically reading articles from professional journals or else-
where
Indicate gains
2.3 Identifying patterns in data Indicate gains
2.4 Recognizing a sound argument and appropriate use of evi-
dence
Indicate gains
2.5 Developing a logical argument Indicate gains
2.6 Writing using discipline-appropriate style and format Indicate gains
2.7 Working effectively with others Indicate gains
2.8 Please comment on what SKILLS you have gained as a
result of this class.
Long answer
Class impact on your attitudes
3 As a result of your work in this class, what GAINS DID
YOU MAKE in the following?
3.1 Enthusiasm for the subject Indicate gains
3.2 Interest in discussing the subject area with friends or family Indicate gains
3.3 Interest in taking or planning to take additional classes in
this subject
Indicate gains
3.4 Confidence that you understand the material Indicate gains
3.5 Confidence that you can do this subject area Indicate gains
3.6 Your comfort level in working with complex ideas Indicate gains
3.7 Willingness to seek help from others (teacher, peers, TA)
when working on academic problems
Indicate gains
3.8 Please comment on how has this class CHANGED YOUR
ATTITUDES toward this subject.
Long answer
Integration of your learning
4 As a result of your work in this class, what GAINS DID
YOU MAKE in INTEGRATING the following?
4.1 Connecting key class ideas with other knowledge Indicate gains
4.2 Applying what I learned in this class in other situations Indicate gains
4.3 Using systematic reasoning in my approach to problems Indicate gains
4.4 Using a critical approach to analyzing data and arguments
in my daily life
Indicate gains
4.5 What will you CARRY WITH YOU into other classes or
other aspects of your life?
Long answer
The Class Overall
5 HOW MUCH did the following aspects of the class HELP
YOUR LEARNING?
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5.1 The general instructional approach taken in this class Indicate gains
5.2 How the class topics, activities, reading and assignments
all fit together
Indicate gains
5.3 The pace of the class Indicate gains
5.4 The ability to access online course materials at any time Indicate gains
5.5 The fit between course materials made available online and
material covered in discussion sessions/office hours
Indicate gains
5.6 Please comment on how the INSTRUCTIONAL AP-
PROACH to this class helped your learning.
Long answer
5.7 How has this class CHANGED THE WAYS YOU LEARN/
STUDY?
Long answer
Class Activities
6 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
6.1 Watching webcasts Indicate gains
6.2 Using web-based tools such as MarvinSketch, Jmol, and
WebMO
Indicate gains
6.3 Posting comments (either questions or responses) on the
Wiki
Indicate gains
6.4 Attending discussion sessions online via Elluminate Indicate gains
6.5 Attending discussion sessions live Indicate gains
6.6 Solving Problems
6.6.1 Working through the quizzes alone Indicate gains
6.6.2 Working through the quizzes in a group Indicate gains
6.6.3 Working through Problems of the Day outside of discussion,
alone or in a group
Indicate gains
6.6.4 Working Pressure Point Problems (P3’s) in discussion Indicate gains
6.6.5 Working Pressure Point Problems (P3’s) outside of discus-
sion (in the P3 Archive)
Indicate gains
6.6.6 Watching “P3 Replays” Indicate gains
6.7 Other Activities
6.7.1 Completing “Webcast Highlights” O-logs Indicate gains
6.7.2 Completing “Making Connections” O-logs Indicate gains
6.7.3 Tutoring other students on exam or mock exam problems Indicate gains
6.7.4 Being tutored by other students on exam or mock exam
problems
Indicate gains
6.8 Please comment on how the CLASS ACTIVITIES helped
your learning.
Long answer
6.9 Please comment on HOW OFTEN YOU PARTICIPATED
in class discussions and HOW THE ATMOSPHERE
IN THE CLASSROOM ENCOURAGED OR DISCOUR-
AGED your participation.
Long answer
Assignments, graded activities and tests
7 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
7.1 Graded assignments (overall) in this class Indicate gains
7.2 The number and spacing of tests Indicate gains
7.3 The fit between class content and tests Indicate gains
7.4 The mental stretch required by tests Indicate gains
7.5 The distribution of points across various assignments Indicate gains
7.6 The feedback on my work received after or during tests or
assignments
Indicate gains
7.7 Please comment on how the GRADED ACTIVITIES AND
TESTS helped your learning.
Long answer
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Class Resources
8 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
8.1 The course notes Indicate gains
8.2 Other reading materials
8.2.1 External, linked reading materials Indicate gains
8.3 Wiki content containing Problems of the Day, quizzes, and
old exams
Indicate gains
8.4 Supplemental Instruction Exam Review sessions Indicate gains
8.5 Please comment on how the RESOURCES in this class
helped your learning.
Long answer
The information you were given
9 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
9.1 Explanation of how the class activities, reading and assign-
ments related to each other
Indicate gains
9.2 Explanation given by instructor of how to learn or study
the materials
Indicate gains
9.3 Explanation of why the class focused on the topics pre-
sented
Indicate gains
9.4 Please comment on HOW the INFORMATION YOU RE-
CEIVED about the class helped your learning.
Long answer
Support for you as an individual learner
10 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
10.1 Interacting with the instructor/teaching assistants on the
wiki’s discussion board
Indicate gains
10.2 Interacting with other students on the wiki’s discussion
board
Indicate gains
10.3 Interacting with Supplemental Instruction leaders during
office hours
Indicate gains
10.4 Interacting with Supplemental Instruction leaders during
SI sessions
Indicate gains
10.5 Working with the instructor/teaching assistants during live
discussions
Indicate gains
10.6 Working with the instructor/teaching assistants during on-
line discussions
Indicate gains
10.7 Working with peers during discussions Indicate gains
10.8 Working with peers in person, outside of class Indicate gains
10.9 Please comment on how the SUPPORT YOU RECEIVED
FROM OTHERS helped your learning in this class.
Long answer
Table A.6: Post-semeser SALG survey for the spring 2011 semester.
A.4 Summer 2011
No project
Number Question Type
Understanding
1 Presently, I understand. . .
1.1 The following concepts that will be explored in this class. . .
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1.1.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate agreement
1.1.2 Reaction kinetics Indicate agreement
1.1.3 Stability trends of charged species Indicate agreement
1.1.4 Stereochemistry Indicate agreement
1.1.5 Chemistry of peptides and amino acids Indicate agreement
1.1.6 Enzymatic catalysis, mechanisms, and inhibition Indicate agreement
1.1.7 Using web-based software to understand and display infor-
mation from the chemical literature
Indicate agreement
1.2 The relationships between those main concepts Indicate agreement
1.3 How ideas we will explore in this class relate to ideas I have
encountered in other classes within this subject area
Indicate agreement
1.4 How ideas we will explore in this class relate to ideas I have
encountered in classes outside of this subject area
Indicate agreement
1.5 How studying this subject helps people address real world
issues
Indicate agreement
1.6 What do you expect to understand at the end of the class
that you do not know now?
Long answer
Skills
2 Presently, I can. . .
2.1 Find articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate agreement
2.2 Critically read articles from professional journals or else-
where
Indicate agreement
2.3 Identify patterns in data Indicate agreement
2.4 Recognize a sound argument and appropriate use of evi-
dence
Indicate agreement
2.5 Develop a logical argument Indicate agreement
2.6 Use knowledge I possess to reason by analogy to a new
situation
Indicate agreement
2.7 What do you expect to be able to do at the end of the
course that you cannot do now?
Long answer
Table A.7: Baseline SALG survey for the summer 2011 semester.
Number Question Type
Your understanding of class content
1 As a result of your work in this class, what GAINS DID
YOU MAKE in your UNDERSTANDING of each of the
following?
1.1 The main concepts explored in this class Indicate gains
1.2 The relationships between the main concepts Indicate gains
1.3 The following concepts that have been explored in this class
1.3.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate gains
1.3.2 Reaction kinetics Indicate gains
1.3.3 Stability trends of charged species Indicate gains
1.3.4 Stereochemistry Indicate gains
1.3.5 Chemistry of amino acids and peptides Indicate gains
1.3.6 Enzymatic catalysis, mechanisms, and inhibition Indicate gains
1.3.7 Using computational tools to integrate and display infor-
mation from the chemical literature and chemical databases
Indicate gains
1.4 How ideas from this class relate to ideas encountered in
other classes within this subject area
Indicate gains
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1.5 How ideas from this class relate to ideas encountered in
classes outside of this subject area
Indicate gains
1.6 How studying this subject area helps people address real
world issues
Indicate gains
1.7 Please comment on HOW YOUR UNDERSTANDING OF
THE SUBJECT HAS CHANGED as a result of this class.
Long answer
1.8 Please comment on how THE WAY THIS CLASS WAS
TAUGHT helps you REMEMBER key ideas.
Long answer
Increases in your skills
2 As a result of your work in this class, what GAINS DID
YOU MAKE in the following SKILLS?
2.1 Finding articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate gains
2.2 Critically reading articles from professional journals or else-
where
Indicate gains
2.3 Identifying patterns in data Indicate gains
2.4 Recognizing a sound argument and appropriate use of evi-
dence
Indicate gains
2.5 Developing a logical argument Indicate gains
2.6 Writing using discipline-appropriate style and format Indicate gains
2.7 Working effectively with others Indicate gains
2.8 Please comment on what SKILLS you have gained as a
result of this class.
Long answer
Class impact on your attitudes
3 As a result of your work in this class, what GAINS DID
YOU MAKE in the following?
3.1 Enthusiasm for the subject Indicate gains
3.2 Interest in discussing the subject area with friends or family Indicate gains
3.3 Interest in taking or planning to take additional classes in
this subject
Indicate gains
3.4 Confidence that you understand the material Indicate gains
3.5 Confidence that you can do this subject area Indicate gains
3.6 Your comfort level in working with complex ideas Indicate gains
3.7 Willingness to seek help from others (teacher, peers, TA)
when working on academic problems
Indicate gains
3.8 Please comment on how has this class CHANGED YOUR
ATTITUDES toward this subject.
Long answer
Integration of your learning
4 As a result of your work in this class, what GAINS DID
YOU MAKE in INTEGRATING the following?
4.1 Connecting key class ideas with other knowledge Indicate gains
4.2 Applying what I learned in this class in other situations Indicate gains
4.3 Using systematic reasoning in my approach to problems Indicate gains
4.4 Using a critical approach to analyzing data and arguments
in my daily life
Indicate gains
4.5 What will you CARRY WITH YOU into other classes or
other aspects of your life?
Long answer
The Class Overall
5 HOW MUCH did the following aspects of the class HELP
YOUR LEARNING?
5.1 The general instructional approach taken in this class Indicate gains
5.2 How the class topics, activities, reading and assignments
all fit together
Indicate gains
5.3 The pace of the class Indicate gains
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5.4 The ability to access online course materials at any time Indicate gains
5.5 The fit between course materials made available online and
material covered in discussion sessions/office hours
Indicate gains
5.6 Please comment on how the INSTRUCTIONAL AP-
PROACH to this class helped your learning.
Long answer
5.7 How has this class CHANGED THE WAYS YOU LEARN/
STUDY?
Long answer
Class Activities
6 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
6.1 Watching webcasts Indicate gains
6.2 Using web-based tools such as MarvinSketch, Jmol, and
WebMO
Indicate gains
6.3 Posting comments (either questions or responses) on the
Wiki
Indicate gains
6.4 Attending discussion sessions online via Elluminate Indicate gains
6.5 Attending discussion sessions live Indicate gains
6.6 Solving Problems
6.6.1 Working through the quizzes alone Indicate gains
6.6.2 Working through the quizzes in a group Indicate gains
6.6.3 Working through Problems of the Day outside of discussion,
alone or in a group
Indicate gains
6.6.4 Working Pressure Point Problems (P3’s) in discussion Indicate gains
6.6.5 Working Pressure Point Problems (P3’s) outside of discus-
sion (in the P3 Archive)
Indicate gains
6.6.6 Watching “P3 Replays” Indicate gains
6.7 Other Activities
6.7.1 Completing “Webcast Highlights” O-logs Indicate gains
6.7.2 Completing “Making Connections” O-logs Indicate gains
6.7.3 Tutoring other students on exam or mock exam problems Indicate gains
6.7.4 Being tutored by other students on exam or mock exam
problems
Indicate gains
6.8 Please comment on how the CLASS ACTIVITIES helped
your learning.
Long answer
6.9 Please comment on HOW OFTEN YOU PARTICIPATED
in class discussions and HOW THE ATMOSPHERE
IN THE CLASSROOM ENCOURAGED OR DISCOUR-
AGED your participation.
Long answer
Assignments, graded activities and tests
7 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
7.1 Graded assignments (overall) in this class Indicate gains
7.2 The number and spacing of tests Indicate gains
7.3 The fit between class content and tests Indicate gains
7.4 The mental stretch required by tests Indicate gains
7.5 The distribution of points across various assignments Indicate gains
7.6 The feedback on my work received after or during tests or
assignments
Indicate gains
7.7 Please comment on how the GRADED ACTIVITIES AND
TESTS helped your learning.
Long answer
Class Resources
8 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
8.1 The course notes Indicate gains
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8.2 Other reading materials
8.2.1 External, linked reading materials Indicate gains
8.3 Wiki content containing Problems of the Day, quizzes, and
old exams
Indicate gains
8.4 Supplemental Instruction Exam Review sessions Indicate gains
8.5 Please comment on how the RESOURCES in this class
helped your learning.
Long answer
The information you were given
9 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
9.1 Explanation of how the class activities, reading and assign-
ments related to each other
Indicate gains
9.2 Explanation given by instructor of how to learn or study
the materials
Indicate gains
9.3 Explanation of why the class focused on the topics pre-
sented
Indicate gains
9.4 Please comment on HOW the INFORMATION YOU RE-
CEIVED about the class helped your learning.
Long answer
Support for you as an individual learner
10 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
10.1 Interacting with the instructor/teaching assistants on the
wiki’s discussion board
Indicate gains
10.2 Interacting with other students on the wiki’s discussion
board
Indicate gains
10.3 Interacting with Supplemental Instruction leaders during
office hours
Indicate gains
10.4 Interacting with Supplemental Instruction leaders during
SI sessions
Indicate gains
10.5 Working with the instructor/teaching assistants during live
discussions
Indicate gains
10.6 Working with the instructor/teaching assistants during on-
line discussions
Indicate gains
10.7 Working with peers during discussions Indicate gains
10.8 Working with peers in person, outside of class Indicate gains
10.9 Please comment on how the SUPPORT YOU RECEIVED
FROM OTHERS helped your learning in this class.
Long answer
Table A.8: Post-semeser SALG survey for the summer 2011 semester.
A.5 Fall 2011
No project
Number Question Type
Understanding
1 Presently, I understand. . .
1.1 The following concepts that will be explored in this class
1.1.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate agreement
1.1.2 Reaction kinetics Indicate agreement
1.1.3 Stability trends of charged species Indicate agreement
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1.1.4 Stereochemistry Indicate agreement
1.1.5 Chemistry of peptides and amino acids Indicate agreement
1.1.6 Enzymatic catalysis, mechanisms, and inhibition Indicate agreement
1.1.7 Using web-based software to understand and display infor-
mation from the chemical literature
Indicate agreement
1.2 The relationships between those main concepts Indicate agreement
1.3 How ideas we will explore in this class relate to ideas I have
encountered in other classes within this subject area
Indicate agreement
1.4 How ideas we will explore in this class relate to ideas I have
encountered in classes outside of this subject area
Indicate agreement
1.5 How studying this subject helps people address real world
issues
Indicate agreement
1.6 What do you expect to understand at the end of the class
that you do not know now?
Long answer
Skills
2 Presently, I can. . .
2.1 Find articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate agreement
2.2 Critically read articles from professional journals or else-
where
Indicate agreement
2.3 Identify patterns in data Indicate agreement
2.4 Recognize a sound argument and appropriate use of evi-
dence
Indicate agreement
2.5 Develop a logical argument Indicate agreement
2.6 Use knowledge I possess to reason by analogy to a new
situation
Indicate agreement
2.7 What do you expect to be able to do at the end of the
course that you cannot do now?
Long answer
Table A.9: Baseline SALG survey for the fall 2011 semester.
Number Question Type
Your understanding of class content
1 As a result of your work in this class, what GAINS DID
YOU MAKE in your UNDERSTANDING of each of the
following?
1.1 The main concepts explored in this class Indicate gains
1.2 The relationships between the main concepts Indicate gains
1.3 The following concepts that have been explored in this class
1.3.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate gains
1.3.2 Reaction kinetics Indicate gains
1.3.3 Stability trends of charged species Indicate gains
1.3.4 Stereochemistry Indicate gains
1.3.5 Chemistry of amino acids and peptides Indicate gains
1.3.6 Enzymatic catalysis, mechanisms, and inhibition Indicate gains
1.3.7 Using computational tools to integrate and display infor-
mation from the chemical literature and chemical databases
Indicate gains
1.4 How ideas from this class relate to ideas encountered in
other classes within this subject area
Indicate gains
1.5 How ideas from this class relate to ideas encountered in
classes outside of this subject area
Indicate gains
1.6 How studying this subject area helps people address real
world issues
Indicate gains
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1.7 Please comment on HOW YOUR UNDERSTANDING OF
THE SUBJECT HAS CHANGED as a result of this class.
Long answer
1.8 Please comment on how THE WAY THIS CLASS WAS
TAUGHT helps you REMEMBER key ideas.
Long answer
Increases in your skills
2 As a result of your work in this class, what GAINS DID
YOU MAKE in the following SKILLS?
2.1 Finding articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate gains
2.2 Critically reading articles from professional journals or else-
where
Indicate gains
2.3 Identifying patterns in data Indicate gains
2.4 Recognizing a sound argument and appropriate use of evi-
dence
Indicate gains
2.5 Developing a logical argument Indicate gains
2.6 Writing using discipline-appropriate style and format Indicate gains
2.7 Working effectively with others Indicate gains
2.8 Please comment on what SKILLS you have gained as a
result of this class.
Long answer
Class impact on your attitudes
3 As a result of your work in this class, what GAINS DID
YOU MAKE in the following?
3.1 Enthusiasm for the subject Indicate gains
3.2 Interest in discussing the subject area with friends or family Indicate gains
3.3 Interest in taking or planning to take additional classes in
this subject
Indicate gains
3.4 Confidence that you understand the material Indicate gains
3.5 Confidence that you can do this subject area Indicate gains
3.6 Your comfort level in working with complex ideas Indicate gains
3.7 Willingness to seek help from others (teacher, peers, TA)
when working on academic problems
Indicate gains
3.8 Please comment on how has this class CHANGED YOUR
ATTITUDES toward this subject.
Long answer
Integration of your learning
4 As a result of your work in this class, what GAINS DID
YOU MAKE in INTEGRATING the following?
4.1 Connecting key class ideas with other knowledge Indicate gains
4.2 Applying what I learned in this class in other situations Indicate gains
4.3 Using systematic reasoning in my approach to problems Indicate gains
4.4 Using a critical approach to analyzing data and arguments
in my daily life
Indicate gains
4.5 What will you CARRY WITH YOU into other classes or
other aspects of your life?
Long answer
The Class Overall
5 HOW MUCH did the following aspects of the class HELP
YOUR LEARNING?
5.1 The general instructional approach taken in this class Indicate gains
5.2 How the class topics, activities, reading and assignments
all fit together
Indicate gains
5.3 The pace of the class Indicate gains
5.4 The ability to access online course materials at any time Indicate gains
5.5 The fit between course materials made available online and
material covered in discussion sessions/office hours
Indicate gains
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5.6 Please comment on how the INSTRUCTIONAL AP-
PROACH to this class helped your learning.
Long answer
5.7 How has this class CHANGED THE WAYS YOU LEARN/
STUDY?
Long answer
Class Activities
6 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
6.1 Watching webcasts Indicate gains
6.2 Using web-based tools such as MarvinSketch, Jmol, and
WebMO
Indicate gains
6.3 Posting comments (either questions or responses) on the
Wiki
Indicate gains
6.4 Attending discussion sessions online via Elluminate Indicate gains
6.5 Attending discussion sessions live Indicate gains
6.6 Solving Problems
6.6.1 Working through the quizzes alone Indicate gains
6.6.2 Working through the quizzes in a group Indicate gains
6.6.3 Working through Problems of the Day outside of discussion,
alone or in a group
Indicate gains
6.6.4 Working Pressure Point Problems (P3’s) in discussion Indicate gains
6.6.5 Working Pressure Point Problems (P3’s) outside of discus-
sion (in the P3 Archive)
Indicate gains
6.6.6 Watching “P3 Replays” Indicate gains
6.7 Other Activities
6.7.1 Completing “Webcast Highlights” O-logs (Personal Notes) Indicate gains
6.7.2 Completing “Making Connections” O-logs (Personal
Notes)
Indicate gains
6.7.3 Tutoring other students on exam or mock exam problems Indicate gains
6.7.4 Being tutored by other students on exam or mock exam
problems
Indicate gains
6.8 Please comment on how the CLASS ACTIVITIES helped
your learning.
Long answer
6.9 Please comment on HOW OFTEN YOU PARTICIPATED
in class discussions and HOW THE ATMOSPHERE
IN THE CLASSROOM ENCOURAGED OR DISCOUR-
AGED your participation.
Long answer
Assignments, graded activities and tests
7 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
7.1 Graded assignments (overall) in this class Indicate gains
7.2 The number and spacing of tests Indicate gains
7.3 The fit between class content and tests Indicate gains
7.4 The mental stretch required by tests Indicate gains
7.5 The distribution of points across various assignments Indicate gains
7.6 The feedback on my work received after or during tests or
assignments
Indicate gains
7.7 Please comment on how the GRADED ACTIVITIES AND
TESTS helped your learning.
Long answer
Class Resources
8 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
8.1 The course notes Indicate gains
8.2 Other reading materials
8.2.1 External, linked reading materials Indicate gains
133
8.3 Wiki content containing Problems of the Day, quizzes, and
old exams
Indicate gains
8.4 Supplemental Instruction Exam Review sessions Indicate gains
8.5 Please comment on how the RESOURCES in this class
helped your learning.
Long answer
The information you were given
9 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
9.1 Explanation of how the class activities, reading and assign-
ments related to each other
Indicate gains
9.2 Explanation given by instructor of how to learn or study
the materials
Indicate gains
9.3 Explanation of why the class focused on the topics pre-
sented
Indicate gains
9.4 Please comment on HOW the INFORMATION YOU RE-
CEIVED about the class helped your learning.
Long answer
Support for you as an individual learner
10 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
10.1 Interacting with the instructor/teaching assistants on the
wiki’s discussion board
Indicate gains
10.2 Interacting with other students on the wiki’s discussion
board
Indicate gains
10.3 Interacting with Supplemental Instruction leaders during
office hours
Indicate gains
10.4 Interacting with Supplemental Instruction leaders during
SI sessions
Indicate gains
10.5 Working with the instructor/teaching assistants during live
discussions
Indicate gains
10.6 Working with the instructor/teaching assistants during on-
line discussions
Indicate gains
10.7 Working with peers during discussions Indicate gains
10.8 Working with peers in person, outside of class Indicate gains
10.9 Please comment on how the SUPPORT YOU RECEIVED
FROM OTHERS helped your learning in this class.
Long answer
Table A.10: Post-semeser SALG survey for the fall 2011 semester.
A.6 Spring 2012
The Molmodac project, Iteration 3
Number Question Type
Understanding
1 Presently, I understand. . .
1.1 The following concepts that will be explored in this class
1.1.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate agreement
1.1.2 Reaction kinetics Indicate agreement
1.1.3 Stability trends of charged species Indicate agreement
1.1.4 Stereochemistry Indicate agreement
1.1.5 Chemistry of peptides and amino acids Indicate agreement
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1.1.6 Enzymatic catalysis, mechanisms, and inhibition Indicate agreement
1.1.7 Using web-based software to understand and display infor-
mation from the chemical literature
Indicate agreement
1.2 The relationships between those main concepts Indicate agreement
1.3 How ideas we will explore in this class relate to ideas I have
encountered in other classes within this subject area
Indicate agreement
1.4 How ideas we will explore in this class relate to ideas I have
encountered in classes outside of this subject area
Indicate agreement
1.5 How studying this subject helps people address real world
issues
Indicate agreement
1.6 What do you expect to understand at the end of the class
that you do not know now?
Long answer
Skills
2 Presently, I can. . .
2.1 Find articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate agreement
2.2 Critically read articles from professional journals or else-
where
Indicate agreement
2.3 Identify patterns in data Indicate agreement
2.4 Recognize a sound argument and appropriate use of evi-
dence
Indicate agreement
2.5 Develop a logical argument Indicate agreement
2.6 Use knowledge I possess to reason by analogy to a new
situation
Indicate agreement
2.7 What do you expect to be able to do at the end of the
course that you cannot do now?
Long answer
Table A.11: Baseline SALG survey for the spring 2012 semester.
Number Question Type
Your understanding of class content
1 As a result of your work in this class, what GAINS DID
YOU MAKE in your UNDERSTANDING of each of the
following?
1.1 The main concepts explored in this class Indicate gains
1.2 The relationships between the main concepts Indicate gains
1.3 The following concepts that have been explored in this class
1.3.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate gains
1.3.2 Fundamental principles of organic chemistry: kinetics, sta-
bility, and stereochemistry
Indicate gains
1.3.3 The chemistry of amino acids, polypeptides, and enzymes Indicate gains
1.3.4 Using computational tools to integrate and display infor-
mation from the chemical literature and chemical databases
Indicate gains
1.4 How ideas from this class relate to ideas encountered in
other classes within this subject area
Indicate gains
1.5 How ideas from this class relate to ideas encountered in
classes outside of this subject area
Indicate gains
1.6 How studying this subject area helps people address real
world issues
Indicate gains
1.7 Please comment on HOW YOUR UNDERSTANDING OF
THE SUBJECT HAS CHANGED as a result of this class.
Long answer
1.8 Please comment on how THE WAY THIS CLASS WAS
TAUGHT helps you REMEMBER key ideas.
Long answer
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Increases in your skills
2 As a result of your work in this class, what GAINS DID
YOU MAKE in the following SKILLS?
2.1 Finding articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate gains
2.2 Critically reading articles from professional journals or else-
where
Indicate gains
2.3 Identifying patterns in data Indicate gains
2.4 Recognizing a sound argument and appropriate use of evi-
dence
Indicate gains
2.5 Developing a logical argument Indicate gains
2.6 Writing using discipline-appropriate style and format Indicate gains
2.7 Working effectively with others Indicate gains
2.8 Please comment on what SKILLS you have gained as a
result of this class.
Long answer
Class impact on your attitudes
3 As a result of your work in this class, what GAINS DID
YOU MAKE in the following?
3.1 Enthusiasm for the subject Indicate gains
3.2 Interest in discussing the subject area with friends or family Indicate gains
3.3 Interest in taking or planning to take additional classes in
this subject
Indicate gains
3.4 Confidence that you understand the material Indicate gains
3.5 Confidence that you can do this subject area Indicate gains
3.6 Your comfort level in working with complex ideas Indicate gains
3.7 Willingness to seek help from others (teacher, peers, TA)
when working on academic problems
Indicate gains
3.8 Please comment on how has this class CHANGED YOUR
ATTITUDES toward this subject.
Long answer
Integration of your learning
4 As a result of your work in this class, what GAINS DID
YOU MAKE in INTEGRATING the following?
4.1 Connecting key class ideas with other knowledge Indicate gains
4.2 Applying what I learned in this class in other situations Indicate gains
4.3 Using systematic reasoning in my approach to problems Indicate gains
4.4 Using a critical approach to analyzing data and arguments
in my daily life
Indicate gains
4.5 What will you CARRY WITH YOU into other classes or
other aspects of your life?
Long answer
The Class Overall
5 HOW MUCH did the following aspects of the class HELP
YOUR LEARNING?
5.1 The general instructional approach taken in this class Indicate gains
5.2 How the class topics, activities, reading and assignments
all fit together
Indicate gains
5.3 The pace of the class Indicate gains
5.4 The ability to access online course materials at any time Indicate gains
5.5 The fit between course materials made available online and
material covered in discussion sessions/office hours
Indicate gains
5.6 Please comment on how the INSTRUCTIONAL AP-
PROACH to this class helped your learning.
Long answer
5.7 How has this class CHANGED THE WAYS YOU LEARN/
STUDY?
Long answer
Class Activities
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6 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
6.1 Watching webcasts Indicate gains
6.2 Using web-based tools such as MarvinSketch, Jmol, and
WebMO
Indicate gains
6.3 Posting comments (either questions or responses) on the
Wiki
Indicate gains
6.4 Attending discussion sessions online via Elluminate Indicate gains
6.5 Attending discussion sessions live Indicate gains
6.6 Solving Problems
6.6.1 Working through the quizzes alone Indicate gains
6.6.2 Working through the quizzes in a group Indicate gains
6.6.3 Working through Problems of the Day outside of discussion,
alone or in a group
Indicate gains
6.6.4 Working Pressure Point Problems (P3’s) in discussion Indicate gains
6.6.5 Working Pressure Point Problems (P3’s) outside of discus-
sion (in the P3 Archive)
Indicate gains
6.6.6 Watching “P3 Replays” Indicate gains
6.7 The Molmodac Project
6.7.1 Collaborating with other students on a team Indicate gains
6.7.2 Selecting a topic Indicate gains
6.7.3 Searching for relevant primary literature articles Indicate gains
6.7.4 Creating MarvinSketch applets for your wiki page Indicate gains
6.7.5 Creating Jmol applets for your wiki page Indicate gains
6.7.6 Writing text for your wiki page Indicate gains
6.7.7 Creating a five-minute mechanistic video for your wiki page Indicate gains
6.7.8 Commenting on the pages of other teams Indicate gains
6.8 Please comment on how the CLASS ACTIVITIES helped
your learning.
Long answer
6.9 Please comment on HOW OFTEN YOU PARTICIPATED
in class discussions and HOW THE ATMOSPHERE
IN THE CLASSROOM ENCOURAGED OR DISCOUR-
AGED your participation.
Long answer
Assignments, graded activities and tests
7 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
7.1 Graded assignments (overall) in this class Indicate gains
7.2 The number and spacing of tests Indicate gains
7.3 The fit between class content and tests Indicate gains
7.4 The mental stretch required by tests Indicate gains
7.5 The distribution of points across various assignments Indicate gains
7.6 The feedback on my work received after or during tests or
assignments
Indicate gains
7.7 Please comment on how the GRADED ACTIVITIES AND
TESTS helped your learning.
Long answer
Class Resources
8 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
8.1 The course notes Indicate gains
8.2 Other reading materials
8.2.1 External, linked reading materials Indicate gains
8.3 Wiki content containing Problems of the Day, quizzes, and
old exams
Indicate gains
8.4 Supplemental Instruction Exam Review sessions Indicate gains
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8.5 Please comment on how the RESOURCES in this class
helped your learning.
Long answer
The information you were given
9 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
9.1 Explanation of how the class activities, reading and assign-
ments related to each other
Indicate gains
9.2 Explanation given by instructor of how to learn or study
the materials
Indicate gains
9.3 Explanation of why the class focused on the topics pre-
sented
Indicate gains
9.4 Please comment on HOW the INFORMATION YOU RE-
CEIVED about the class helped your learning.
Long answer
Support for you as an individual learner
10 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
10.1 Interacting with the instructor/teaching assistants on the
wiki’s discussion board
Indicate gains
10.2 Interacting with other students on the wiki’s discussion
board
Indicate gains
10.3 Interacting with Supplemental Instruction leaders during
office hours
Indicate gains
10.4 Interacting with Supplemental Instruction leaders during
SI sessions
Indicate gains
10.5 Working with the instructor/teaching assistants during live
discussions
Indicate gains
10.6 Working with the instructor/teaching assistants during on-
line discussions
Indicate gains
10.7 Working with peers during discussions Indicate gains
10.8 Working with peers in person, outside of class Indicate gains
10.9 Please comment on how the SUPPORT YOU RECEIVED
FROM OTHERS helped your learning in this class.
Long answer
Course Feedback
11 We introduced some innovative practices in CHEM 332 this
semester and are interested in your feedback.
11.1 What suggestions do you have to improve the P3’s (timed,
exam-difficulty problems from discussion)?
Long answer
11.2 What suggestions do you have to improve the Molmodac
project?
Long answer
Table A.12: Post-semeser SALG survey for the spring 2012 semester.
A.7 Summer 2012
The Metabolic Pathways project, Iteration 1
Number Question Type
Understanding
1 Presently, I understand. . .
1.1 The following concepts that will be explored in this class. . .
1.1.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate agreement
138
1.1.2 Reaction kinetics Indicate agreement
1.1.3 Stability trends of charged species Indicate agreement
1.1.4 Stereochemistry Indicate agreement
1.1.5 Chemistry of peptides and amino acids Indicate agreement
1.1.6 Enzymatic catalysis, mechanisms, and inhibition Indicate agreement
1.1.7 Structures and reactions of sugars Indicate agreement
1.1.8 Structures and reactions of the nucleic acids Indicate agreement
1.2 The relationships between those main concepts Indicate agreement
1.3 How ideas we will explore in this class relate to ideas I have
encountered in other classes within this subject area
Indicate agreement
1.4 How ideas we will explore in this class relate to ideas I have
encountered in classes outside of this subject area
Indicate agreement
1.5 How studying this subject helps people address real world
issues
Indicate agreement
1.6 What do you expect to understand at the end of the class
that you do not know now?
Long answer
Skills
2 Presently, I can. . .
2.1 Find articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate agreement
2.2 Critically read articles from professional journals or else-
where
Indicate agreement
2.3 Identify patterns in data Indicate agreement
2.4 Recognize a sound argument and appropriate use of evi-
dence
Indicate agreement
2.5 Develop a logical argument Indicate agreement
2.6 Use knowledge I possess to reason by analogy to a new
situation
Indicate agreement
2.7 What do you expect to be able to do at the end of the
course that you cannot do now?
Long answer
Table A.13: Baseline SALG survey for the summer 2012 semester.
Number Question Type
Your understanding of class content
1 As a result of your work in this class, what GAINS DID
YOU MAKE in your UNDERSTANDING of each of the
following?
1.1 The main concepts explored in this class Indicate gains
1.2 The relationships between the main concepts Indicate gains
1.3 The following concepts that have been explored in this class
1.3.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate gains
1.3.2 Fundamental principles of organic chemistry: kinetics, sta-
bility, and stereochemistry
Indicate gains
1.3.3 The chemistry of amino acids, polypeptides, and enzymes Indicate gains
1.3.4 How to integrate and communicate information from the
chemical literature and chemical databases
Indicate gains
1.4 How ideas from this class relate to ideas encountered in
other classes within this subject area
Indicate gains
1.5 How ideas from this class relate to ideas encountered in
classes outside of this subject area
Indicate gains
1.6 How studying this subject area helps people address real
world issues
Indicate gains
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1.7 Please comment on HOW YOUR UNDERSTANDING OF
THE SUBJECT HAS CHANGED as a result of this class.
Long answer
1.8 Please comment on how THE WAY THIS CLASS WAS
TAUGHT helps you REMEMBER key ideas.
Long answer
Increases in your skills
2 As a result of your work in this class, what GAINS DID
YOU MAKE in the following SKILLS?
2.1 Finding articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate gains
2.2 Critically reading articles from professional journals or else-
where
Indicate gains
2.3 Identifying patterns in data Indicate gains
2.4 Recognizing a sound argument and appropriate use of evi-
dence
Indicate gains
2.5 Developing a logical argument Indicate gains
2.6 Writing using discipline-appropriate style and format Indicate gains
2.7 Working effectively with others Indicate gains
2.8 Please comment on what SKILLS you have gained as a
result of this class.
Long answer
Class impact on your attitudes
3 As a result of your work in this class, what GAINS DID
YOU MAKE in the following?
3.1 Enthusiasm for the subject Indicate gains
3.2 Interest in discussing the subject area with friends or family Indicate gains
3.3 Interest in taking or planning to take additional classes in
this subject
Indicate gains
3.4 Confidence that you understand the material Indicate gains
3.5 Confidence that you can do this subject area Indicate gains
3.6 Your comfort level in working with complex ideas Indicate gains
3.7 Willingness to seek help from others (teacher, peers, TA)
when working on academic problems
Indicate gains
3.8 Please comment on how has this class CHANGED YOUR
ATTITUDES toward this subject.
Long answer
Integration of your learning
4 As a result of your work in this class, what GAINS DID
YOU MAKE in INTEGRATING the following?
4.1 Connecting key class ideas with other knowledge Indicate gains
4.2 Applying what I learned in this class in other situations Indicate gains
4.3 Using systematic reasoning in my approach to problems Indicate gains
4.4 Using a critical approach to analyzing data and arguments
in my daily life
Indicate gains
4.5 What will you CARRY WITH YOU into other classes or
other aspects of your life?
Long answer
The Class Overall
5 HOW MUCH did the following aspects of the class HELP
YOUR LEARNING?
5.1 The general instructional approach taken in this class Indicate gains
5.2 How the class topics, activities, reading and assignments
all fit together
Indicate gains
5.3 The pace of the class Indicate gains
5.4 The ability to access online course materials at any time Indicate gains
5.5 The fit between course materials made available online and
material covered in discussion sessions/office hours
Indicate gains
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5.6 Please comment on how the INSTRUCTIONAL AP-
PROACH to this class helped your learning.
Long answer
5.7 How has this class CHANGED THE WAYS YOU LEARN/
STUDY?
Long answer
Class Activities
6 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
6.1 Watching webcasts Indicate gains
6.2 Using computational tools such as MarvinSketch, WebMO,
and SHMO
Indicate gains
6.3 Posting comments (either questions or responses) in the
course forums
Indicate gains
6.4 Attending discussion sessions online via Blackboard Col-
laborate
Indicate gains
6.5 Attending discussion sessions live Indicate gains
6.6 Solving Problems
6.6.1 Working through the quizzes alone Indicate gains
6.6.2 Working through the quizzes in a group Indicate gains
6.6.3 Working through Problems of the Day outside of discussion,
alone or in a group
Indicate gains
6.6.4 Working Pressure Point Problems (P3’s) in discussion Indicate gains
6.6.5 Working Pressure Point Problems (P3’s) outside of discus-
sion
Indicate gains
6.7 The Metabolic Pathways Project
6.7.1 Reading the chemical literature Indicate gains
6.7.2 Conceiving and creating a mechanism for an enzyme Indicate gains
6.7.3 Developing a scientific argument to support your mecha-
nism
Indicate gains
6.8 Please comment on how the CLASS ACTIVITIES helped
your learning.
Long answer
6.9 Please comment on HOW OFTEN YOU PARTICIPATED
in class discussions and HOW THE ATMOSPHERE
IN THE CLASSROOM ENCOURAGED OR DISCOUR-
AGED your participation.
Long answer
Assignments, graded activities and tests
7 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
7.1 Graded assignments (overall) in this class Indicate gains
7.2 The number and spacing of tests Indicate gains
7.3 The fit between class content and tests Indicate gains
7.4 The mental stretch required by tests Indicate gains
7.5 The distribution of points across various assignments Indicate gains
7.6 The feedback on my work received after or during tests or
assignments
Indicate gains
7.7 Please comment on how the GRADED ACTIVITIES AND
TESTS helped your learning.
Long answer
Class Resources
8 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
8.1 Course slides (in the “Notes” section of the wiki) Indicate gains
8.2 Other reading materials
8.2.1 External, linked reading materials Indicate gains
8.2.2 Reading materials prepared for CHEM 332 (in the “Read-
ing Materials” section of the wiki)
Indicate gains
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8.3 Wiki content containing Problems of the Day, quizzes, and
old exams
Indicate gains
8.4 The final exam review session carried out by SI leaders Indicate gains
8.5 Please comment on how the RESOURCES in this class
helped your learning.
Long answer
The information you were given
9 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
9.1 Explanation of how the class activities, reading and assign-
ments related to each other
Indicate gains
9.2 Explanation given by instructor of how to learn or study
the materials
Indicate gains
9.3 Explanation of why the class focused on the topics pre-
sented
Indicate gains
9.4 Please comment on HOW the INFORMATION YOU RE-
CEIVED about the class helped your learning.
Long answer
Support for you as an individual learner
10 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
10.1 Interacting with the instructor/teaching assistants on the
course forums
Indicate gains
10.2 Interacting with other students on the course forums Indicate gains
10.3 Interacting with Supplemental Instruction leaders during
office hours
Indicate gains
10.4 Interacting with Supplemental Instruction leaders during
SI sessions
Indicate gains
10.5 Working with the instructor/teaching assistants during live
discussions
Indicate gains
10.6 Working with the instructor/teaching assistants during on-
line discussions
Indicate gains
10.7 Working with the instructor/teaching assistants during of-
fice hours
Indicate gains
10.8 Working with peers during discussions Indicate gains
10.9 Working with peers in person, outside of class Indicate gains
10.10 Please comment on how the SUPPORT YOU RECEIVED
FROM OTHERS helped your learning in this class.
Long answer
Course Feedback
11 We introduced some innovative practices in CHEM 332 this
semester and are interested in your feedback.
11.1 What suggestions do you have to improve the P3’s (timed,
exam-difficulty problems from discussion)?
Long answer
11.2 What suggestions do you have to improve the Metabolic
Pathways project?
Long answer
Table A.14: Post-semeser SALG survey for the summer 2012 semester.
A.8 Fall 2012
The Metabolic Pathways project, Iteration 2
Number Question Type
Understanding
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1 Presently, I understand. . .
1.1 The following concepts that will be explored in this class
1.1.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate agreement
1.1.2 Reaction kinetics Indicate agreement
1.1.3 Stability trends of charged species Indicate agreement
1.1.4 Stereochemistry Indicate agreement
1.1.5 Chemistry of peptides and amino acids Indicate agreement
1.1.6 Enzymatic catalysis, mechanisms, and inhibition Indicate agreement
1.1.7 Structures and reactions of sugars Indicate agreement
1.1.8 Structures and reactions of the nucleic acids Indicate agreement
1.2 The relationships between those main concepts Indicate agreement
1.3 How ideas we will explore in this class relate to ideas I have
encountered in other classes within this subject area
Indicate agreement
1.4 How ideas we will explore in this class relate to ideas I have
encountered in classes outside of this subject area
Indicate agreement
1.5 How studying this subject helps people address real world
issues
Indicate agreement
1.6 What do you expect to understand at the end of the class
that you do not know now?
Long answer
Skills
2 Presently, I can. . .
2.1 Find articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate agreement
2.2 Critically read articles from professional journals or else-
where
Indicate agreement
2.3 Identify patterns in data Indicate agreement
2.4 Recognize a sound argument and appropriate use of evi-
dence
Indicate agreement
2.5 Develop a logical argument Indicate agreement
2.6 Use knowledge I possess to reason by analogy to a new
situation
Indicate agreement
2.7 What do you expect to be able to do at the end of the
course that you cannot do now?
Long answer
Table A.15: Baseline SALG survey for the fall 2012 semester.
Number Question Type
Your understanding of class content
1 As a result of your work in this class, what GAINS DID
YOU MAKE in your UNDERSTANDING of each of the
following?
1.1 The main concepts explored in this class Indicate gains
1.2 The relationships between the main concepts Indicate gains
1.3 The following concepts that have been explored in this class
1.3.1 Molecular orbital approaches to mechanisms of organic
chemical reactions
Indicate gains
1.3.2 Fundamental principles of organic chemistry: kinetics, sta-
bility, and stereochemistry
Indicate gains
1.3.3 The chemistry of amino acids, polypeptides, and enzymes Indicate gains
1.3.4 How to integrate and communicate information from the
chemical literature and chemical databases
Indicate gains
1.4 How ideas from this class relate to ideas encountered in
other classes within this subject area
Indicate gains
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1.5 How ideas from this class relate to ideas encountered in
classes outside of this subject area
Indicate gains
1.6 How studying this subject area helps people address real
world issues
Indicate gains
1.7 Please comment on HOW YOUR UNDERSTANDING OF
THE SUBJECT HAS CHANGED as a result of this class.
Long answer
1.8 Please comment on how THE WAY THIS CLASS WAS
TAUGHT helps you REMEMBER key ideas.
Long answer
Increases in your skills
2 As a result of your work in this class, what GAINS DID
YOU MAKE in the following SKILLS?
2.1 Finding articles relevant to a particular problem in profes-
sional journals or elsewhere
Indicate gains
2.2 Critically reading articles from professional journals or else-
where
Indicate gains
2.3 Identifying patterns in data Indicate gains
2.4 Recognizing a sound argument and appropriate use of evi-
dence
Indicate gains
2.5 Developing a logical argument Indicate gains
2.6 Writing using discipline-appropriate style and format Indicate gains
2.7 Working effectively with others Indicate gains
2.8 Please comment on what SKILLS you have gained as a
result of this class.
Long answer
Class impact on your attitudes
3 As a result of your work in this class, what GAINS DID
YOU MAKE in the following?
3.1 Enthusiasm for the subject Indicate gains
3.2 Interest in discussing the subject area with friends or family Indicate gains
3.3 Interest in taking or planning to take additional classes in
this subject
Indicate gains
3.4 Confidence that you understand the material Indicate gains
3.5 Confidence that you can do this subject area Indicate gains
3.6 Your comfort level in working with complex ideas Indicate gains
3.7 Willingness to seek help from others (teacher, peers, TA)
when working on academic problems
Indicate gains
3.8 Please comment on how has this class CHANGED YOUR
ATTITUDES toward this subject.
Long answer
Integration of your learning
4 As a result of your work in this class, what GAINS DID
YOU MAKE in INTEGRATING the following?
4.1 Connecting key class ideas with other knowledge Indicate gains
4.2 Applying what I learned in this class in other situations Indicate gains
4.3 Using systematic reasoning in my approach to problems Indicate gains
4.4 Using a critical approach to analyzing data and arguments
in my daily life
Indicate gains
4.5 What will you CARRY WITH YOU into other classes or
other aspects of your life?
Long answer
The Class Overall
5 HOW MUCH did the following aspects of the class HELP
YOUR LEARNING?
5.1 The general instructional approach taken in this class Indicate gains
5.2 How the class topics, activities, reading and assignments
all fit together
Indicate gains
5.3 The pace of the class Indicate gains
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5.4 The ability to access online course materials at any time Indicate gains
5.5 The fit between course materials made available online and
material covered in discussion sessions/office hours
Indicate gains
5.6 Please comment on how the INSTRUCTIONAL AP-
PROACH to this class helped your learning.
Long answer
5.7 How has this class CHANGED THE WAYS YOU LEARN/
STUDY?
Long answer
Class Activities
6 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
6.1 Watching webcasts Indicate gains
6.2 Using computational tools such as MarvinSketch, WebMO,
and SHMO
Indicate gains
6.3 Posting comments (either questions or responses) in the
course forums
Indicate gains
6.4 Attending discussion sessions online via Blackboard Col-
laborate
Indicate gains
6.5 Attending discussion sessions live Indicate gains
6.6 Solving Problems
6.6.1 Working through the quizzes alone Indicate gains
6.6.2 Working through the quizzes in a group Indicate gains
6.6.3 Working through Problems of the Day outside of discussion,
alone or in a group
Indicate gains
6.6.4 Working Pressure Point Problems (P3’s) in discussion Indicate gains
6.6.5 Working Pressure Point Problems (P3’s) outside of discus-
sion
Indicate gains
6.7 The Metabolic Pathways Project
6.7.1 Reading the chemical literature Indicate gains
6.7.2 Conceiving and creating a mechanism for an enzyme Indicate gains
6.7.3 Developing a scientific argument to support an enzymatic
mechanism
Indicate gains
6.8 Please comment on how the CLASS ACTIVITIES helped
your learning.
Long answer
6.9 Please comment on HOW OFTEN YOU PARTICIPATED
in class discussions and HOW THE ATMOSPHERE
IN THE CLASSROOM ENCOURAGED OR DISCOUR-
AGED your participation.
Long answer
Assignments, graded activities and tests
7 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
7.1 Graded assignments (overall) in this class Indicate gains
7.2 The number and spacing of tests Indicate gains
7.3 The fit between class content and tests Indicate gains
7.4 The mental stretch required by tests Indicate gains
7.5 The distribution of points across various assignments Indicate gains
7.6 The feedback on my work received after or during tests or
assignments
Indicate gains
7.7 Please comment on how the GRADED ACTIVITIES AND
TESTS helped your learning.
Long answer
Class Resources
8 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
8.1 Course slides (in the “Notes” section of the wiki) Indicate gains
8.2 Other reading materials
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8.2.1 External, linked reading materials Indicate gains
8.2.2 Reading materials prepared for CHEM 332 (in the “Read-
ing Materials” section of the wiki)
Indicate gains
8.3 Wiki content containing Problems of the Day, quizzes, and
old exams
Indicate gains
8.4 Midterm exam review sessions carried out by SI leaders Indicate gains
8.5 Please comment on how the RESOURCES in this class
helped your learning.
Long answer
The information you were given
9 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
9.1 Explanation of how the class activities, reading and assign-
ments related to each other
Indicate gains
9.2 Explanation given by instructor of how to learn or study
the materials
Indicate gains
9.3 Explanation of why the class focused on the topics pre-
sented
Indicate gains
9.4 Please comment on HOW the INFORMATION YOU RE-
CEIVED about the class helped your learning.
Long answer
Support for you as an individual learner
10 HOW MUCH did each of the following aspects of the class
HELP YOUR LEARNING?
10.1 Interacting with the instructor/teaching assistants on the
course forums
Indicate gains
10.2 Interacting with other students on the course forums Indicate gains
10.3 Interacting with Supplemental Instruction leaders during
office hours
Indicate gains
10.4 Interacting with Supplemental Instruction leaders during
SI sessions
Indicate gains
10.5 Working with the instructor/teaching assistants during live
discussions
Indicate gains
10.6 Working with the instructor/teaching assistants during on-
line discussions
Indicate gains
10.7 Working with the instructor/teaching assistants during of-
fice hours
Indicate gains
10.8 Working with peers during discussions Indicate gains
10.9 Working with peers in person, outside of class Indicate gains
10.10 Please comment on how the SUPPORT YOU RECEIVED
FROM OTHERS helped your learning in this class.
Long answer
Course Feedback
11 We introduced some innovative practices in CHEM 332 this
semester and are interested in your feedback.
11.1 What suggestions do you have to improve the P3’s (timed,
exam-difficulty problems from discussion)?
Long answer
11.2 What suggestions do you have to improve the Metabolic
Pathways project?
Long answer
Table A.16: Post-semeser SALG survey for the fall 2012 semester.
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Appendix B
Institutional Review Board
Approval
The research described in this dissertation qualified for educational exemp-
tions under the rules of the Institutional Review Board at the University
of Illinois, Urbana-Champaign. Applications for these exemptions are pro-
vided below. Students who completed surveys provided consent for their
anonymized survey responses to be used for educational research purposes.
Students who participated in focus groups provided consent that their com-
ments could be used for research purposes. Copies of the corresponding
consent forms are also provided below.
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CHEM 332 Pre-semester and Post-semester Survey Consent 
 
 
Title of Project: Studies of Methods for Increasing Student Learning in a Blended Organic 
Chemistry Course  
Responsible Principal Investigator: Prof. Jeffrey S. Moore   
 
Other Investigator(s): Michael J. Evans 
  
1. Purpose of the Study:  This research project focuses on the development and evaluation of 
teaching methods for an organic chemistry course in a blended environment. The course uses 
an innovative format that combines online materials (both static and real-time, two-way 
communication) with face-to-face class sessions. Our primary objective is to increase student 
learning gains through the optimization of online materials and face-to-face teaching 
methods. This research is significant because it adds to our understanding of effective 
teaching practices in online and blended learning environments. 
 
2. Procedures to be followed:  Participants in this study will spend no more than thirty minutes 
at the beginning of the semester filling out a survey to describe their current levels of 
understanding of core organic chemistry concepts and their use of critical thinking strategies. 
Participants will then fill out a second survey at the end of the semester describing their 
learning gains in the core concept areas due to major course activities. 
 
3. Discomforts and Risks:  The risks associated with taking this survey are minimal. There are 
no anticipated risks to participation beyond those that exist in daily life. 
 
4. Benefits: This study will contribute to our understanding of optimal methods for teaching in 
a blended environment. The research has benefits for future CHEM 332 students and the 
collegiate population at large. 
 
5. Statement of Confidentiality: Any information provided in this survey is kept strictly 
confidential. Identifying information is collected from students only to correlate survey 
results with performance data. “Performance data” consists of quiz, midterm exam, and final 
exam scores. All data is only accessible by the instructors for this course, and all data is 
stored on a secure, password-protected computer in a locked office.  We hope that this 
research will be published in a peer-reviewed journal. No personally identifiable information 
will be shared in any published materials, and survey results will in no way affect course 
grades beyond the bonus points awarded for completing the survey. 
 
6. Whom to contact: Please contact Prof. Jeffrey Moore with any questions or concerns about 
the research at jsmoore@illinois.edu. You may also call Prof. Moore at 217-244-4024 if you 
feel you have been injured or harmed by this research. If you have any questions about your 
rights as a participant in this study, please contact the University of Illinois Institutional 
Review Board at 217-333-2670 or via email at irb@illinois.edu. 
 
7. Compensation:  Participants in both surveys will receive 4 bonus points added to their final 
semester grade for CHEM 332. 
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CHEM 332 Project Evaluation Focus Group Sessions 
 
 
Title of Project: Implementation and Evaluation in CHEM 332 of a Student Project 
involving Chemical Informatics and Computational Chemistry 
Responsible Principal Investigator: Prof. Jeffrey S. Moore   
 
Other Investigator(s): Michael J. Evans  
  
1. Purpose of the Study:  The purpose of this research is to investigate the 
effectiveness of and student response to a project aimed at improving student 
appreciation of organic chemistry, chemical informatics and literature searching, and 
computational chemistry tools. 
 
2. Procedures to be followed:  Participants in this study will spend roughly forty-five 
minutes in four focus group sessions throughout the semester discussing points 
relevant to the project at those points in time. The results of the focus group sessions 
will be used to construct a formative evaluation of the project’s effectiveness over 
time. 
 
3. Discomforts and Risks:  The risks associated with taking this survey are minimal. 
There are no anticipated risks to participation beyond those that exist in daily life. 
 
4. Benefits: This study will benefit students by contributing to our improvement of 
CHEM 332 and increasing the relevance of the course to topics in which our students 
are interested. 
 
5. Statement of Confidentiality: Any information provided in the session is kept 
strictly confidential. Identifying information will be collected independently of focus 
group statements solely for the purpose of awarding course points. Specific 
statements will not be tied to identity in any way. MP3 audio recordings of sessions 
will be kept on a secured laptop and will not contain any identifying information. 
 
6. Whom to contact: Please contact Prof. Jeffrey Moore with any questions or concerns 
about the research at jsmoore@illinois.edu. You may also call Prof. Moore at 217-
244-4024 if you feel you have been injured or harmed by this research. If you have 
any questions about your rights as a participant in this study, please contact the 
University of Illinois Institutional Review Board at 217-333-2670 or via email at 
irb@illinois.edu. 
 
7. Compensation:  Participants in this focus group will receive 2 bonus points added to 
their final semester grade for CHEM 332.  Students who do not wish to participate 
may refuse consent, and will still receive 2 bonus points. 
 
8.  Cost of participating: There is no cost to the participant other than roughly 3 hours 
of time, spread out over 4 focus group sessions. 
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